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“You	  don’t	  extinguish	  fire	  by	  adding	  more	  fire,	  you	  need	  water”	  
Pope	  Shenouda	  III	  
ABSTRACT	  
Water	  is	  an	  important,	  finite	  resource;	  efficiency	  in	  use	  is	  essential.	  	  With	  
projected	  reductions	  in	  the	  water	  supply	  due	  to	  water	  shortages	  from	  changes	  in	  
climate	  and	  increases	  in	  demand	  from	  other	  public	  sectors,	  water	  efficiency	  within	  
agriculture	  is	  becoming	  of	  increasing	  importance.	  	  This	  study	  evaluates	  the	  water	  
efficiency	  with	  which	  water	  is	  used	  in	  agriculture,	  in	  terms	  of	  allocation:	  how	  much	  
water	  is	  designated	  to	  agriculture	  and	  the	  usage	  of	  this	  water;	  and	  resilience:	  how	  
resistant	  agricultural	  systems	  are	  under	  conditions	  of	  limited	  water.	  	  Productivity	  
indicates	  the	  ratio	  of	  water	  used	  to	  yield	  produced,	  further	  assessing	  efficiency	  through	  
allocation.	  Cropland	  usage,	  designation	  of	  irrigated	  acres,	  and	  irrigation	  systems	  are	  
evaluated.	  	  Comparisons	  between	  2002,	  a	  high	  drought	  year,	  and	  2007,	  the	  control	  year,	  
measure	  agricultural	  system	  resilience.	  	  Data	  is	  gathered	  from	  the	  USGS	  National	  water	  
survey,	  the	  Census	  of	  Agriculture	  for	  2002	  and	  2007,	  and,	  when	  necessary,	  
supplemented	  with	  USDA	  survey	  data.	  	  Results	  show	  large	  inefficiencies	  in	  water	  use,	  
with	  76%	  of	  feed	  grown	  on	  irrigated	  acres	  compared	  to	  75%	  of	  food	  grown	  on	  non-­‐
irrigated	  acres.	  	  63%	  of	  total	  irrigation	  water	  is	  used	  to	  produce	  feed	  for	  livestock.	  	  
Comparisons	  between	  years	  of	  normal	  water	  supply	  and	  limited	  water	  supply	  were	  not	  
conclusive.	  	  Results	  are	  presented,	  with	  discussion	  of	  implications	  and	  suggestions	  for	  
future	  studies.	  The	  lack	  of	  and	  difficulty	  associated	  with	  necessary	  data	  is	  also	  addressed.	  	  
Possible	  reorganization	  of	  federal	  data	  collection	  methods	  is	  proposed.	  The	  goal	  of	  
agriculture	  is	  assumed	  to	  be	  human	  food	  production.	  	  Efficiency	  of	  water	  use	  in	  
agriculture	  through	  allocation	  and	  productivity	  will	  allow	  for	  continued	  food	  production	  
under	  conditions	  of	  water	  stress.	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“Water	  is	  the	  driving	  force	  in	  human	  nature”	  
Leonardo	  da	  Vinci	  
INTRODUCTION	  
The	  science	  of	  water	  use,	  encompassing	  the	  volume	  of	  water	  used	  and	  the	  efficiency	  of	  
use,	  is	  of	  growing	  importance	  in	  the	  west,	  and	  becoming	  a	  more	  prevalent	  question	  of	  research,	  
driven	  mainly	  by	  projected	  reduction	  in	  availability	  and	  subsequent	  repercussions.	  	  Liquid	  water	  
availability	  is	  affected	  by	  climate	  change	  (Doll	  2002,	  269).	  	  Increased	  human	  demand	  for	  water	  
due	  to	  the	  effects	  of	  warmer,	  dryer	  climates	  from	  anthropogenic	  and	  other	  sources	  and	  
reductions	  in	  runoff	  will	  limit	  water	  availability	  specifically	  within	  the	  Western	  US	  (Doll	  2002,	  
269).	  	  Increasing	  water	  withdrawals	  to	  satisfy	  this	  increasing	  demand	  will	  expedite	  time	  until	  
water	  shortages	  are	  realize,	  and	  possibly	  amplify	  the	  magnitude	  of	  resulting	  problems	  due	  to	  
the	  abrupt	  onset	  (Ridoutt	  2012,	  166).	  	  The	  study	  of	  water	  availability	  can	  mitigate	  shortages	  of	  
water,	  elongating	  water	  availability	  through	  improved	  efficiency	  of	  use	  and	  developed	  
allocation	  plans	  (Postel	  1999,	  941).	  	  	  
9	  
WATER	  AS	  A	  RESOURCE:	  IMPORTANCE	  
	   Irrigation	  of	  agriculture	  land	  accounts	  for	  the	  majority	  of	  water	  withdrawals	  on	  a	  global	  
average,	  approximately	  87%	  of	  consumptive	  water	  usage,	  up	  to	  95%	  in	  many	  developing	  
countries	  (Doll	  2002,	  269)	  (Oweis	  2012,	  40).	  	  This	  land	  includes	  seasonal	  crops,	  fallowed	  land,	  
pasturelands,	  woodlands,	  etc.	  	  While	  a	  primary	  source	  of	  food,	  certainly	  a	  staple	  for	  most	  
cultural	  diets,	  the	  majority	  of	  grain	  cultivated	  worldwide	  is	  not	  for	  human	  consumption	  
(Hoekstra	  2012,	  3).	  	  Rather,	  it	  is	  intended	  for	  livestock	  feed	  (Hoekstra	  2012,	  3).	  	  Significant	  
portions	  of	  these	  grain	  crops	  are	  grown	  with	  conventional	  irrigation	  methods,	  contributing	  to	  
the	  high	  water	  footprint	  (see	  background	  sections	  and	  Appendix	  A)	  of	  livestock	  (Hoekstra	  2012,	  
4).	  	  Furthermore,	  the	  output	  of	  agricultural	  land	  is	  minimal	  when	  compared	  to	  the	  total	  water	  
allocated	  to	  the	  agriculture	  sector	  (Doll	  2002,	  270).	  	  In	  other	  words,	  productivity	  in	  terms	  of	  
water	  application	  and	  requirements	  is	  poor.	  	  If	  the	  resource	  of	  water	  becomes	  limited,	  
productivity	  of	  agriculture	  will	  be	  questioned	  and	  the	  resilience	  of	  agricultural	  systems	  altered	  
(Frisvold	  et	  al.	  2012,	  1).	  	  	  
	   A	  reduction	  in	  water,	  generating	  severe	  drought	  conditions,	  will	  seriously	  reduce	  water	  
availability	  for	  agriculture	  (Frisvold	  et	  al.	  2012,	  1).	  	  Surface	  water	  availability	  is	  expected	  to	  
decrease	  in	  conjunction	  with	  increasing	  temperatures,	  which	  will	  raise	  average	  surface	  water	  
temperatures	  and	  elevate	  rates	  of	  evaporation	  and	  transpiration	  (Frisvold	  et	  al.	  2012,	  3).	  	  Many	  
crops	  are	  reliant	  on	  irrigation	  in	  order	  to	  reach	  the	  crop	  water	  requirement	  necessary	  for	  
growth	  (Siebert	  et	  al.	  2010,	  204).	  	  If	  the	  water	  available	  to	  agriculture	  is	  reduced,	  crop	  yield	  will	  
suffer	  considerably	  (Frisvold	  et	  al.	  2012,	  3).	  	  This	  decline	  in	  yield	  from	  water	  shortages	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demonstrates	  the	  delicacy	  and	  instability	  of	  agricultural	  systems	  and	  their	  extreme	  reliance	  
water	  availability	  (Frisvold	  et	  al	  2012,	  4).	  	  	  
Generally	  water	  has	  been	  allocated	  through	  the	  public	  sector	  and	  has	  failed	  to	  reach	  
economic	  efficiency	  in	  its	  allocation	  (Rosegrant	  1997,	  5).	  	  In	  doing	  so,	  water	  is	  not	  necessarily	  
allocated	  productively,	  meaning	  water	  is	  often	  overused	  in	  sectors,	  such	  as	  agriculture,	  where	  
the	  returns	  from	  water	  do	  not	  balance	  the	  worth	  of	  water	  used	  with	  respect	  to	  economic	  value	  
(Oweis	  et	  al	  2003,	  182).	  	  	  
Population	  growth	  is	  exacerbating	  water	  shortages	  as	  more	  people	  increase	  the	  demand	  
for	  water	  throughout	  many	  sectors	  of	  civilization.	  	  Current	  estimates	  project	  global	  population	  
increases	  of	  65%	  by	  2050	  –	  adding	  approximately	  3.7	  billion	  people	  (Wallace	  2000,	  105).	  	  In	  fact,	  
some	  estimate	  global	  population	  to	  reach	  8	  billion	  by	  2025	  –	  just	  a	  dozen	  years	  from	  now	  
(Oweis	  2012,	  40).	  	  Food	  demand	  is	  expected	  to	  increase	  by	  80-­‐100%	  by	  2050	  (Fereres	  et	  al.	  
2011,	  4080).	  	  With	  more	  people	  to	  feed,	  agriculture	  output	  must	  increase,	  requiring	  more	  
water	  (Fereres	  et	  al.	  2011,	  4080).	  Furthermore,	  mining	  and	  resource	  extraction	  will	  increase;	  
municipal	  water	  demand	  will	  inherently	  increase;	  industrial	  water	  usage	  will	  increase	  as	  
productivity	  rates	  are	  raised	  to	  satisfy	  new	  demand	  levels;	  overall	  resulting	  in	  increased	  
demand	  for	  water	  (Baltutis	  et	  al.	  2012,	  2).	  	  Increasing	  water	  demand	  coupled	  with	  a	  decreasing	  
–	  or	  at	  the	  very	  least	  altered	  –	  supply	  of	  water,	  will	  inherently	  result	  in	  water	  shortages.	  	  
Improvements	  in	  efficiency	  of	  water	  usage	  will	  help	  to	  mitigate	  effects	  of	  decreases	  in	  water	  
availability	  (Oweis	  et	  al	  2003,	  180).	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THIS	  PROJECT:	  SCOPE	  
This	  paper	  aims	  to	  contribute	  to	  the	  discussion	  of	  water	  availability;	  evaluating	  
efficiency	  in	  terms	  of	  allocation	  compared	  to	  returns	  with	  regards	  to	  crops,	  as	  well	  as	  system	  
resilience,	  assessed	  under	  a	  more	  farm-­‐specific	  lens,	  judging	  the	  method	  of	  application	  and	  
level	  of	  productivity.	  	  	  
EFFICIENCY	  
	   Water	  efficiency	  in	  terms	  of	  allocation	  is	  a	  relatively	  new	  lens	  through	  which	  efficiency	  
can	  be	  evaluated.	  In	  this	  paper,	  efficiency	  will	  be	  evaluated	  following	  the	  model	  discussed	  by	  
Oweis	  in	  his	  work,	  where	  “improving	  agricultural	  water	  productivity	  implies	  getting	  more	  
output	  or	  return	  per	  unit	  of	  water	  used”	  (Oweis	  2012,	  41).	  	  Efficiency	  as	  a	  function	  of	  allocation	  
was	  also	  relied	  on	  in	  discussions	  regarding	  the	  POLIS	  project	  that	  was	  produced	  from	  the	  
University	  of	  Victoria.	  	  Efficiency	  was	  evaluated	  through	  application	  and	  allocation	  methods	  to	  
ensure	  “fair	  allocation	  of	  surface	  water	  and	  groundwater	  as	  priorities…”	  (Baltutis	  et	  al.	  2012,	  1).	  	  
The	  country	  of	  Australia	  relied	  on	  this	  same	  method	  of	  evaluation	  and	  subsequently	  created	  a	  
market-­‐based	  allocation	  system	  for	  water	  within	  watersheds	  (Baltutis	  et	  al,	  2012,	  5).	  	  	  
In	  order	  to	  use	  water	  efficiently,	  water	  allocation	  must	  be	  reasonable.	  Evaluating	  the	  
allocation	  of	  water	  in	  order	  to	  alter	  allocation	  so	  use	  is	  allotted	  for	  more	  water-­‐productive	  
options,	  is	  the	  first	  step	  toward	  water	  efficiency.	  	  Agriculture	  has	  a	  high	  water	  allocation,	  
especially	  when	  compared	  to	  other	  sectors,	  accounting	  for	  a	  mean	  of	  70%	  of	  all	  water	  
withdrawals	  according	  to	  Oweis	  (Oweis	  2012,	  41).	  	  With	  1	  kg	  of	  grain	  requiring	  1-­‐3	  tons	  of	  
water	  for	  cultivation	  and	  production,	  the	  output	  to	  water	  input	  ratio	  is	  low	  (Oweis	  2012,	  41).	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As	  larger	  demands	  for	  water	  appear	  from	  other,	  more	  water-­‐productive	  sectors	  of	  society,	  and	  
water	  availability	  continues	  to	  decrease	  overall,	  as	  is	  projected,	  the	  water	  efficiency	  of	  
agriculture	  will	  need	  to	  increase	  to	  cope	  with	  changes	  in	  supply.	  	  	  
PROJECT	  OVERVIEW:	  OUTLINE	  
In	  this	  paper	  it	  is	  assumed	  agricultural	  water	  efficiency	  can	  be	  accomplished	  by	  
increased	  productivity,	  so	  output	  increases	  to	  reflect	  a	  higher	  productivity	  ratio	  in	  terms	  of	  
water	  used,	  or	  reallocation	  of	  water,	  so	  water	  is	  used	  more	  productively	  in	  other	  sectors.	  	  
Productivity	  is	  taken	  to	  mean	  the	  level	  of	  output	  is	  acceptable	  compared	  to	  the	  required	  water	  
(Oweis	  2012,	  44).	  	  	  
In	  this	  paper,	  water	  allocation	  is	  analyzed	  through	  irrigation.	  	  Irrigated	  land	  is	  a	  
predominate	  use	  of	  water	  in	  agriculture,	  with	  60-­‐75%	  of	  global	  water	  withdrawals	  used	  for	  
irrigation	  as	  estimated	  by	  Haddeland	  et	  al;	  which,	  they,	  approximate	  is	  about	  10-­‐15%	  of	  
current	  water	  available	  (Haddeland	  et	  al,	  212).	  	  Irrigated	  land	  is	  compared	  to	  total	  cropland	  to	  
evaluate	  allocation,	  and	  then	  contrasted	  by	  productivity	  to	  determine	  efficiency.	  	  Productivity	  is	  
considered	  in	  terms	  of	  the	  amount	  of	  food	  grown	  for	  humans.	  The	  division	  of	  cropland	  growing	  
crops	  intended	  as	  feed	  for	  livestock	  or	  food	  for	  humans	  is	  determined	  within	  both	  irrigated	  and	  
total	  cropland.	  	  These	  numbers	  are	  used	  to	  further	  evaluate	  efficiency	  through	  allocation	  of	  
water	  in	  terms	  of	  production	  of	  food	  for	  humans:	  the	  ultimate	  goal	  of	  agriculture	  and	  the	  focus	  
of	  agriculture	  with	  limited	  water	  resources.	  	  	  
Operating	  under	  the	  assumption	  that	  most	  livestock	  is	  raised	  to	  produce	  consumable	  
animal	  products	  –	  be	  it	  meat,	  eggs,	  or	  dairy	  –	  the	  amount	  of	  water	  required	  to	  convert	  feed	  for	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livestock	  into	  food	  for	  humans	  is	  large	  (Hoekstra	  et	  al.	  2007,	  40).	  	  This	  process	  is	  exaggerated	  
when	  compared	  to	  the	  amount	  of	  water	  required	  to	  produce	  food	  from	  just	  agricultural	  crops	  
(Hoekstra	  2012,	  5).	  	  It	  can	  then	  be	  inferred,	  the	  irrigation	  of	  crops	  grown	  to	  raise	  livestock	  that	  
continually	  require	  more	  water	  to	  eventually	  produce	  food	  for	  humans	  is	  an	  inefficient	  use	  of	  
water;	  rather	  this	  water	  could	  be	  used	  to	  grow	  crops	  for	  direct	  human	  consumption	  (Mekonnen	  
et	  al	  2012,	  410).	  	  	  
DATA	  
This	  study	  uses	  data	  collected	  by	  the	  USDA	  in	  both	  the	  2002	  and	  2007	  census,	  as	  well	  as	  
supplementary	  data	  from	  annual	  USDA	  surveys	  when	  necessary.	  	  Previously	  published,	  related	  
literature	  is	  presented	  followed	  by	  a	  detailed	  description	  of	  methods	  employed	  and	  
constituting	  assumptions.	  	  Results	  are	  then	  reported,	  and	  finally,	  discussed	  with	  areas	  of	  future	  
research,	  implications,	  and	  report	  deficiencies	  included.	  	  	  
Data	  was	  carefully	  selected	  from	  reputable	  sources.	  	  Often	  primary	  data	  was	  not	  found	  
from	  reliable	  sources	  or	  data	  found	  was	  not	  detailed	  to	  county-­‐specific	  levels.	  	  In	  such	  cases	  as	  
data	  was	  not	  specific	  enough	  supplementary	  data	  is	  used	  and	  procedure	  for	  correction	  is	  
explained.	  	  The	  lack	  of	  reliable	  sources	  of	  data,	  however,	  presented	  a	  larger	  problem.	  	  To	  avoid	  
inaccurate	  results	  only	  credible	  primary	  sources,	  such	  as	  the	  Census	  of	  Agriculture,	  were	  used.	  	  
Although	  numbers	  may	  be	  omitted	  for	  some	  details,	  this	  was	  done	  so	  all	  used	  numbers	  can	  be	  
recognized	  as	  extremely	  reliable,	  realistic,	  and	  plausible	  representations	  of	  tangible	  situations.	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Due	  to	  time	  and	  resource	  constraints	  inherent	  to	  the	  nature	  of	  any	  undergraduate	  
thesis,	  this	  study	  focuses	  specifically	  on	  Colorado	  agriculture,	  using	  an	  average	  from	  the	  top	  ten	  
agriculture	  counties,	  economically	  speaking,	  as	  a	  representation	  of	  statewide	  agricultural	  
practices.	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  “Let	  there	  be	  work,	  bread,	  water	  and	  salt	  for	  all”	  
Nelson	  Mandela	  
BACKGROUND	  
THE	  WATER	  CYCLE	  
Water	  is	  a	  universally	  necessary	  resource	  on	  which	  all	  living	  species	  are	  inherently	  
reliant.	  	  In	  school,	  children	  learn	  about	  the	  water	  cycle	  (Chahine	  1992,	  373).	  	  In	  this	  cycle,	  water,	  
acting	  similarly	  as	  energy	  does	  in	  physics,	  is	  neither	  created	  nor	  destroyed.	  	  Water	  is	  presented	  
as	  a	  renewable	  resource	  on	  which	  humans	  depend.	  	  Depleted	  reservoirs	  are	  replenished	  via	  the	  
water	  cycle;	  polluted	  sectors,	  such	  as	  streams	  and	  ponds,	  are	  cleaned	  through	  natural	  
processes;	  salt	  water	  and	  fresh	  water	  pools	  are	  kept	  in	  balance	  with	  precipitation	  and	  
evaporation.	  	  Unfortunately,	  human	  impact	  has	  altered	  the	  water	  cycle	  to	  such	  a	  degree	  that	  
the	  available	  freshwater	  supply	  is	  decreasing,	  further	  evidence	  that	  water	  is	  a	  exhaustible	  and	  
finite	  resource	  (Oweis	  2012,	  39).	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CLIMATE	  CHANGE	  AND	  THE	  WATER	  SUPPLY	  
	   Increasing	  atmospheric	  temperatures	  are	  likely	  to	  greatly	  impact	  water	  availability	  by	  
altering	  local	  climates.	  	  With	  agriculture	  so	  heavily	  reliant	  on	  water,	  changes	  in	  availability	  of	  
this	  vital	  resource	  has	  the	  potential	  to	  drastically	  alter	  agricultural	  productivity	  and	  yield	  
(Wallace	  2000,	  107).	  	  While	  climate	  and	  weather	  can	  migrate,	  farmland	  is	  generally	  stationary.	  	  
Subsequently,	  water	  demands	  may	  remain	  unchanged	  or	  increase,	  while	  water	  availability	  is	  
reduced,	  creating	  highly	  water	  stressed	  areas	  (Haddeland	  et	  al	  2006,	  218).	  	  High	  rates	  of	  water	  
consumption	  by	  agriculture	  coupled	  with	  a	  limited	  water	  supply	  may	  translate	  into	  decreased	  
availability	  of	  water	  for	  other	  sectors	  including	  industry,	  municipal,	  and	  the	  direct	  environment,	  
threatening	  production	  possibilities	  and	  hindering	  efficiency	  of	  systems	  (Oweis	  et	  al	  2003,	  181).	  	  
Under	  long-­‐term	  circumstances	  the	  physical	  environment	  may	  suffer,	  reducing	  runoff,	  
depleting	  soil	  moisture,	  increasing	  pest	  contamination,	  etc	  all	  of	  which	  in	  turn	  can	  cause	  
decreased	  crop	  production	  and	  elevate	  food	  security	  issues	  (Schmidhuber	  et	  al.	  2007,	  19704).	  	  
Furthermore,	  habitat	  loss,	  reduction	  of	  nutrients,	  and	  depletion	  of	  water	  sources	  due	  to	  
subsequent,	  local	  drought	  are	  a	  threat	  to	  the	  continued	  existence	  of	  plant	  and	  animal	  species	  
(Owen	  2008).	  	  	  
	   Many	  predictions	  projecting	  future	  water	  supply	  have	  been	  made,	  however,	  as	  with	  all	  
estimates,	  a	  level	  of	  uncertainty	  remains.	  	  With	  regard	  to	  changes	  in	  climate,	  the	  level	  of	  
guesswork	  involved	  in	  predictions	  is	  considerably	  high	  since	  results	  are	  dependent	  on	  a	  variety	  
of	  factors,	  many	  of	  which	  (for	  example	  carbon	  dioxide	  emission	  levels)	  are	  extremely	  variable.	  	  
(Fussel	  et	  al	  2012,	  3).	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To	  predict	  future	  climates,	  and	  subsequently	  project	  changes	  in	  water	  distributions,	  
temperature	  and	  precipitation	  must	  first	  be	  estimated,	  as	  they	  greatly	  influence	  the	  
hydrological	  cycle	  (Chahine	  1992,	  373).	  	  Predictions	  are	  generally	  made	  using	  global	  scenarios,	  
which	  provide	  a	  variety	  of	  possible	  emission	  projections	  determined	  by	  the	  IPCC	  (Emission	  
Scenarios	  2000,	  3).	  	  Scenarios	  predict	  “future	  greenhouse	  gas	  (GHG)	  emissions…determined	  by	  
driving	  forces	  such	  as	  demographic	  development,	  socio-­‐economic	  development,	  and	  
technological	  change”,	  which	  are	  used	  in	  climate	  modeling	  to	  forecast	  a	  range	  of	  possible	  
outcomes	  (Emissions	  Scenarios	  2000,	  3).	  	  While	  all	  scenarios	  assume	  elevated	  levels	  of	  carbon	  
dioxide	  (CO2)	  in	  the	  atmosphere,	  the	  extent	  of	  increase	  varies.	  	  	  
PROJECTED	  GLOBAL	  WATER	  FLUX	  
With	  the	  aim	  of	  predicting	  and	  preparing	  for	  potential	  changes	  in	  future	  drinking	  water	  
supplies,	  Fussel	  et	  al.	  attempted	  to	  project	  future	  changes	  in	  global	  water	  availability	  (Fussel	  et	  
al	  2012,	  19).	  	  Climate	  scenario	  SRES	  A2	  was	  used	  in	  the	  LPJmL	  model	  to	  simulate	  future	  climate	  
changes	  (Fussel	  et	  al	  2012,	  24).	  	  SRES	  A2	  scenario	  has	  a	  high	  population	  growth	  rate,	  (predicting	  
15	  billion	  people	  by	  2100)	  and	  CO2	  emissions	  rising	  to	  30	  gig	  tons	  carbon	  per	  year	  (Emissions	  
Scenarios,	  8).	  	  Projections	  show	  general	  reductions	  in	  water	  availability	  in	  the	  entire	  
Mediterranean	  region,	  southwest	  Africa,	  western	  China,	  and	  Northeastern	  Brazil	  (Fussel	  et	  al.,	  
24).	  	  Under	  analysis,	  the	  percent	  change	  in	  runoff	  was	  significantly	  larger	  than	  that	  of	  
precipitation,	  indicating	  an	  increased	  dependency	  on	  precipitation	  for	  available	  surface	  water	  
(Fussel	  et	  al	  2012,	  24).	  	  Furthermore,	  global	  precipitation	  is	  expected	  to	  increase	  under	  this	  
model,	  but	  changes	  are	  attributed	  to	  exaggerated	  wet	  seasons,	  followed	  by	  intensified	  dry	  
seasons	  (Fussel	  et	  al	  2012,	  22).	  	  The	  overall	  change	  in	  water	  availability	  is	  important.	  	  In	  terms	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of	  agriculture	  productivity,	  changes	  in	  water	  availability	  timing	  are	  critical,	  as	  it	  dictates	  the	  
growth	  capacity	  for	  crops	  during	  seasonal	  variations.	  	  	  
SEASONAL	  WATER	  FLUX	  
	   Seasonal	  changes	  in	  water	  availability	  are	  expected	  to	  vary	  based	  on	  the	  dependency	  of	  
current	  peak	  flows	  on	  snowmelt	  (Arnell	  1999,	  S31).	  	  Arnell	  used	  climate	  scenarios	  HadCM2	  and	  
HadCM3	  (developed	  from	  Hadley	  Center	  climate	  simulations)	  to	  simulate	  river	  flows,	  inferring	  
from	  this	  data	  changes	  in	  water	  availability	  compared	  to	  historical	  volumes	  (Arnell	  1999,	  S31).	  	  
Both	  scenarios	  project	  similar	  patterns	  in	  runoff	  changes,	  along	  with	  changes	  in	  precipitation	  
and	  potential	  evaporation,	  with	  overall	  annual	  reductions	  in	  runoff	  (Arnell	  1999,	  S35).	  	  The	  
HadCM2	  scenario	  estimates	  the	  population	  of	  people	  in	  water-­‐stressed	  countries	  to	  increase	  by	  
53	  million	  people,	  compared	  to	  113	  million	  expected	  by	  HadCM3,	  by	  2025	  (Arnell	  1999,	  S31).	  	  
Snowpack	  is	  found	  globally	  to	  be	  severely	  less	  than	  current	  levels	  by	  the	  end	  of	  March,	  
specifically	  in	  North	  America	  (Arnell	  1999,	  S47).	  	  In	  these	  areas,	  large	  changes	  in	  winter	  
precipitation	  amount	  and	  type	  will	  greatly	  impact	  river	  flow	  regimes	  during	  spring	  and	  summer	  
seasons(Arnell	  1999,	  S47).	  	  	  
WATER	  FLUX	  IN	  COLORADO	  
The	  Colorado	  River	  has	  headwaters	  in	  the	  Rocky	  Mountains	  of	  Colorado	  and	  Wyoming,	  
where	  it	  forms	  and	  then,	  if	  left	  to	  it’s	  own	  accord,	  flows	  1400	  kilometers	  to	  the	  Gulf	  of	  
California	  (Christensen	  et	  al	  2007,	  1417).	  	  About	  70%	  of	  the	  flow	  is	  generated	  by	  snowmelt	  from	  
high	  elevation	  snowpack,	  with	  85%	  of	  total	  flow	  produced	  from	  only	  15%	  of	  the	  area	  in	  the	  
upper	  basin	  (Christensen	  et	  al	  2007,	  1417).	  	  The	  river	  is	  divided	  into	  two	  basins	  –	  the	  upper	  and	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lower	  basins	  –	  and	  regulated	  by	  12	  reservoirs,	  which	  serve	  as	  a	  source	  of	  flood	  control,	  
hydropower,	  and	  water	  supply	  storage	  for	  use	  by	  much	  of	  the	  western	  US	  (Christensen	  et	  al	  
2004,	  338).	  	  Variation	  in	  the	  annual	  stream	  flow	  is	  high	  on	  average	  compared	  to	  the	  Pacific	  
Northwest’s	  Columbia	  River,	  with	  an	  annual	  coefficient	  of	  variation	  of	  0.33	  and	  less	  than	  0.2	  
respectively	  (Christensen	  et	  al	  2007,	  1417).	  	  
Predicted	  changes	  in	  climate	  have	  been	  simulated	  in	  scenarios	  using	  the	  Colorado	  River	  
Basin	  to	  create	  projected	  effects	  on	  the	  subsequent	  water	  supply	  (Barnett	  et	  al	  2004,	  4).	  	  
Christensen	  et	  al.	  used	  the	  Colorado	  River	  Reservoir	  Model,	  derived	  from	  11	  General	  Circulation	  
Models	  coupled	  with	  a	  Variable	  Infiltration	  Capacity	  macroscale	  hydrology	  model	  to	  predict	  
hydrological	  changes	  in	  the	  Colorado	  River,	  including	  factors	  of	  precipitation,	  temperature,	  and	  
runoff	  (Christensen	  et	  al	  2007,	  1417-­‐1420).	  	  Emission	  scenarios	  used	  are	  A2	  and	  B1,	  as	  
determined	  by	  the	  IPCC,	  in	  which	  CO2	  concentrations	  increase	  to	  850	  ppm	  and	  550	  ppm	  by	  
2100	  respectively	  (Christensen	  et	  al	  2007,	  1420).	  	  The	  average	  temperature	  changes	  between	  
2010-­‐2099	  were	  respectively	  1.2	  to	  4.4	  and	  1.3	  to	  2.7	  degrees	  Celsius	  for	  A2	  and	  B1	  
(Christensen	  et	  al	  2007,	  1422).	  	  Precipitation	  decreased	  by	  about	  1%	  for	  A2	  and	  B1,	  as	  did	  
runoff,	  but	  up	  to	  11%	  for	  the	  A2	  scenario	  (Christensen	  et	  al	  2007,	  1423).	  	  Overall,	  shortages	  
occurred	  20%	  more	  often	  for	  both	  scenarios	  (Christensen	  et	  al	  2007	  1424).	  	  	  
Storage	  shortages	  and	  reductions	  in	  snowpack	  will	  result	  in	  a	  drop	  in	  Colorado	  River	  
Basin	  water	  availability,	  meaning	  likely	  supply	  shortages	  will	  ensue	  for	  areas	  reliant	  on	  the	  
Colorado	  River	  as	  a	  main	  water	  supply	  (Hildago	  2003,	  7).	  	  Modeled	  anthropogenic	  climate	  
change	  greatly	  contributes	  to	  large-­‐scale	  warming	  over	  the	  Western	  US;	  a	  predicted	  warming	  of	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1	  to	  2	  degrees	  Celsius	  by	  2050	  (Barnett	  et	  al	  2004,	  6).	  	  As	  reported	  by	  Barnett	  et	  al	  using	  PCM	  
model	  projections,	  the	  Colorado	  River	  system	  will	  unlikely	  be	  able	  to	  meet	  current	  water	  
demands,	  with	  reservoir	  levels	  depleted	  by	  over	  one-­‐third	  compared	  to	  present	  day	  conditions	  
(Barnett	  et	  al	  2004,	  6).	  	  	  
The	  Colorado	  River’s	  average	  yearly	  runoff	  (estimated	  at	  13.5	  million	  acre	  feet)	  is	  fully	  
allocated	  for	  use,	  with	  a	  predetermined	  amount	  of	  1.5	  million	  acre	  feet	  reserved	  for	  flow	  to	  
Mexico	  (Burness	  et	  al	  1977,	  112).	  	  Subsequently,	  any	  reductions	  in	  flow	  translate	  to	  reductions	  
in	  water	  supplied	  to	  dependent	  areas.	  	  With	  the	  Colorado	  River	  system	  at	  current	  capacity,	  
“…any	  reduction	  in	  precipitation	  over	  the	  Basin,	  either	  natural	  or	  anthropogenic,	  will	  lead	  to	  
the	  failure	  to	  meet	  mandated	  allocations”	  (Barnett	  et	  al	  2004,	  7).	  	  In	  short,	  the	  projected	  
precipitation	  reductions,	  both	  overall	  and	  in	  snow	  precipitation	  (causing	  earlier	  and	  decreased	  
runoff	  due	  to	  less	  accumulation	  and	  more	  infiltration),	  are	  likely	  to	  induce	  continued	  drought	  
conditions	  of	  warmer	  temperature	  and	  water	  shortages	  for	  substantial	  time	  periods	  
(Christensen	  et	  al	  2007,	  1425,	  1428).	  	  Present	  mitigation	  due	  to	  increases	  in	  reservoir	  capacities	  
will	  not	  succeed	  in	  reducing	  stresses,	  although	  altering	  operating	  policies	  may	  alleviate	  some	  
water-­‐induced	  stress	  (Christensen	  et	  al	  2007,	  1429;	  Hildago	  et	  al	  2003,	  22).	  	  	  
Changes	  in	  the	  allocation	  of	  water	  to	  better	  disperse	  the	  water	  supply	  through	  more	  
productive	  industries	  would	  decrease	  stress	  induced	  by	  water	  shortages.	  	  Furthermore,	  
increasing	  the	  productivity	  of	  agriculture	  in	  terms	  of	  water	  management,	  through	  climate	  –	  
growing	  crops	  in	  areas	  where	  excessive	  watering	  is	  not	  necessary;	  cultivation	  methods	  –	  
irrigation	  practices	  and	  irrigating	  crops	  intended	  for	  human	  food;	  or	  crop	  management	  –	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growing	  crops	  efficient	  with	  water,	  would	  best	  allow	  for	  the	  creation	  of	  a	  resilient	  agricultural	  
systems,	  especially	  in	  terms	  of	  water	  limitations.	  	  	  	  
AGRICULTURE	  AND	  WATER	  
Agriculture	  is	  the	  largest	  use	  of	  freshwater,	  accounting	  for	  over	  75%	  of	  withdrawals	  
globally	  as	  estimated	  by	  Wallace	  (2000,	  105).	  	  In	  Colorado,	  80	  to	  85%	  of	  consumptive	  water	  use	  
is	  attributed	  to	  agriculture	  production,	  according	  to	  the	  Colorado	  Agriculture	  Water	  Alliance	  
(2008,	  6).	  	  	  
The	  differentiation	  between	  withdrawal	  and	  consumption	  must	  here	  be	  made,	  as	  the	  
terms	  have	  different	  meanings,	  but	  are	  often	  incorrectly	  used	  interchangeably	  in	  literature	  
(Gleick	  2003,	  278).	  	  Withdrawal	  refers	  to	  all	  water	  used	  to	  meet	  human	  needs	  and	  thus	  
removed	  from	  its	  source	  (Gleick	  2003,	  278).	  	  While	  some	  of	  this	  water	  use	  may	  be	  consumed,	  
some	  may	  also	  return	  to	  the	  water	  system	  (Gleick	  2003,	  278).	  	  Consumptive	  use	  or	  
consumption,	  meanwhile,	  refers	  to	  water	  removed	  from	  the	  local	  water	  cycle	  (Gleick	  2003,	  
278).	  	  Removal	  of	  water	  includes	  evaporation,	  transpiration	  by	  crops,	  pollution	  or	  
contamination,	  transfers	  by	  streams,	  and	  transportation	  of	  virtual	  water	  (Gleick	  2003,	  278;	  
Siebert	  et	  al.	  2010,	  198).	  	  
While	  a	  power	  plant	  may	  
use	  a	  large	  amount	  of	  water	  
for	  cooling	  purposes,	  this	  
water	  is	  generally	  
considered	  only	  withdrawn	  
Domestic	  Use	  Industrial	  Use	  Irrigation	  Total	  Thermoelectric	  Total	  Livestock	  Total	  Aquaculture	  Total	  
FIGURE	  1.	  WATER	  USE	  SUMMARY	  IN	  COLORADO	  FOR	  2005.	  	  DATA	  IN	  APPENDIX	  B.	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water	  assumed	  it	  is	  returned	  to	  the	  same	  source.	  	  Agriculture,	  however,	  has	  a	  large	  
consumptive	  water	  coefficient	  as	  most	  of	  the	  water	  applied	  to	  crops	  and	  used	  for	  irrigation	  
becomes	  unavailable	  for	  other	  use	  within	  that	  basin	  (Gleick	  2008,	  278).	  	  	  
Approximately	  1000	  to	  3000	  cubic	  meters	  of	  water	  are	  consumed	  in	  the	  cultivation	  and	  
production	  of	  one	  ton	  of	  cereal	  (Oweis	  2012,	  39).	  	  More	  specifically,	  production	  of	  maize,	  
wheat,	  and	  rice	  has	  a	  virtual	  water	  content	  on	  a	  global	  average	  of	  900,	  1300,	  and	  3000	  cubic	  
meters	  per	  ton	  (Hoekstra	  et	  al	  2007,	  38).	  	  Virtual	  water	  content	  is	  defined	  by	  Hoekstra	  et	  al.	  to	  
be	  “the	  volume	  of	  freshwater	  used	  to	  produce	  the	  product…”	  (Hoekstra	  et	  al.	  2007,	  36).	  	  In	  
other	  words,	  it	  is	  the	  sum	  of	  water	  used	  throughout	  the	  various	  steps	  of	  the	  production	  process	  
for	  any	  good	  or	  commodity.	  	  	  	  
TABLE	  1.	  UNIT	  CONVERSION	  ILLUSTRATION	  
	  
Converting	  cubic	  meters	  (m3):	  
	   	  
	  
	   1	  m3H2O	   1000	  LH2O	   264	  galH2O	   8.35	  lbs.H2O	   1	  tonH2O	   =	  1.102	  tonH2O	  	   	   1	  m3H2O	   1000	  LH2O	   1	  galH2O	   2000	  lbs.H20[1]	  
	  
1	  lbs.	  of	  cereal	  requires	  132	  –	  396	  gal	  of	  water	  to	  produce[2]	  .	  
	  
Consumptive	  water	  use	  in	  various	  units	  of	  consumption:	  	  
• 40	  L	  (0.04	  m3)	  for	  a	  slice	  of	  bread[3]	  
• 75	  L	  (0.075	  m3)	  for	  250	  ml	  of	  beer[3]	  
• 7.5	  L	  (0.0075	  m3)	  for	  one	  standard	  toilet	  flush[4]	  
	  
Water	  to	  produce	  1	  lbs.	  of	  wheat:	  	  
	   1300	  m3H2O	   1	  flush	   1	  tonwheat	   =	  87	  flushes/	  lbs.wheat	  1	  tonwheat	   0.0075	  m3H2O	   2,000	  lbs.wheat	  
	  
1	  lbs.	  of	  wheat	  requires	  the	  same	  amount	  of	  water	  as	  flushing	  a	  toilet	  87	  times.	  
	  
Source:	  1.	  Bristol	  2009,	  2;	  2.	  Oweis	  2012,	  40;	  3.	  Hoekstra	  et	  al	  2007,	  41;	  4.	  Bristol	  2009,	  3	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The	  water	  required	  in	  crop	  cultivation	  and	  production	  is	  large,	  significantly	  more	  than	  
most	  household	  activities,	  making	  agriculture	  extremely	  water	  intensive	  (Hoekstra	  et	  al	  2007,	  
37).	  	  In	  this	  paper	  the	  large	  allocation	  of	  water	  to	  agriculture	  is	  inefficient	  mainly	  due	  to	  the	  
small	  production	  to	  water	  use	  ratio.	  	  Agriculture	  needs	  to	  become	  more	  efficient	  in	  water	  use	  
so	  these	  systems	  can	  be	  sustained	  in	  water-­‐limited	  environments,	  either	  by	  reducing	  water	  
required	  for	  production,	  or	  increasing	  production	  rates.	  	  Increased	  efficiency	  of	  water	  is	  
achievable	  on	  a	  macro	  level,	  referring	  to	  the	  overall	  water	  allocation	  and	  agriculture	  locations,	  
and	  a	  micro	  level,	  regarding	  agricultural	  practices	  including	  irrigation	  and	  crop	  selections	  
(Hoekstra	  et	  al	  2007,	  48).	  	  	  
CULTIVATION	  CONDITIONS	  
	   The	  water	  required	  to	  grow	  crops	  varies	  widely	  in	  season	  variability	  and	  location	  with	  
regards	  to	  climate	  (Andales	  et	  al.	  2011,	  1).	  	  Crops	  are	  best	  grown	  in	  climates	  and	  seasons	  when	  
conditions	  are	  conducive	  to	  growth;	  however,	  necessary	  circumstances	  vary	  by	  crop	  species,	  
and	  so,	  prove	  difficult	  to	  consistently	  predict	  (Rind	  et	  al	  1990,	  9983).	  	  	  
Evapotranspiration	  is	  the	  amount	  of	  water	  used	  by	  the	  crop	  –	  a	  function	  of	  evaporation	  
from	  the	  crop	  and	  transpiration	  by	  the	  crop	  (Andales	  et	  al.	  2011,	  1).	  	  In	  arid	  climates,	  
evaporation	  of	  water	  is	  high	  due	  to	  a	  high	  vapor	  pressure	  deficit,	  equating	  to	  a	  high	  potential	  
evaporation	  (Burman	  et	  al	  1975,	  1089).	  	  Thus,	  in	  arid	  climates,	  crops	  generally	  require	  more	  
water	  in	  order	  to	  minimize	  the	  loss	  of	  yield	  from	  water	  limitations	  (Rind	  et	  al	  1990,	  9986).	  	  It	  
then	  follows	  that	  crops	  should	  be	  grown	  only	  in	  areas	  of	  heavy	  precipitation,	  where	  applied	  
water	  is	  not	  necessary	  for	  growth,	  reducing	  the	  water	  requirement	  of	  agriculture.	  	  Crops,	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however,	  also	  often	  require	  warm	  conditions	  to	  facilitate	  growth.	  	  Thus	  a	  compromise	  between	  
temperature	  and	  moisture	  content	  is	  crucial	  for	  crop	  cultivation	  (Rind	  et	  al	  1990,	  9983).	  	  Since	  
this	  balance	  is	  difficult	  to	  reach,	  often	  crops	  are	  grown	  in	  warmer	  regions,	  and	  moisture	  is	  
supplemented	  through	  irrigation	  (Oweis	  et	  al	  2003,	  179).	  	  As	  a	  result,	  agriculture	  often	  
demands	  a	  substantial	  amount	  of	  water	  but	  produces	  comparatively	  few	  crops,	  however	  this	  is	  
dependent	  on	  the	  cultivation	  location	  and	  climactic	  conditions	  (Oweis	  et	  al	  2003,	  182).	  	  	  
	   For	  example,	  rice	  consumes	  1359	  Gm3/yr	  (a	  cubic	  gigameter	  is	  1x109	  cubic	  meters)	  
according	  to	  Hoekstra	  et	  al,	  which,	  compared	  to	  wheat,	  the	  second	  largest	  consumer,	  is	  almost	  
double	  the	  global	  average	  water	  consumption	  rate	  (Hoekstra	  et	  al	  2007,	  38).	  	  The	  difference	  in	  
consumption	  rates,	  however,	  is	  due	  to	  the	  variations	  under	  which	  either	  species	  grows,	  with	  
rice	  cultivated	  under	  conditions	  of	  higher	  evaporative	  demand	  (Hoekstra	  et	  al	  2007,	  39).	  	  While	  
on	  a	  small	  scale	  the	  difference	  is	  marginal,	  when	  evaluated	  over	  entire	  agricultural	  systems	  the	  
difference	  is	  noticeable,	  with	  a	  consumption	  rate	  of	  2,291	  and	  1,334	  cubic	  meters	  per	  ton	  of	  
rice	  (paddy)	  and	  wheat	  respectively	  (Hoekstra	  et	  al	  2007,	  39).	  	  	  
	   The	  water	  demand	  by	  agriculture	  is	  largely	  dependent	  on	  the	  irrigation	  required	  to	  
induce	  crop	  growth,	  which	  is	  accordingly	  controlled	  by	  the	  location	  of	  crop	  cultivation	  (Frisvold	  
et	  al	  2012,	  2).	  	  This	  demand	  could	  be	  lessened	  by	  mitigating	  the	  amount	  of	  irrigation	  used	  in	  
agriculture;	  accomplished	  by	  changing	  the	  climate	  in	  which	  certain	  highly	  water-­‐intensive	  crops	  
are	  grown	  (Hoekstra	  et	  al	  2007,	  39).	  	  In	  Colorado,	  for	  example,	  while	  80%	  of	  farmlands	  are	  
located	  in	  the	  Eastern	  half	  of	  the	  state,	  80%	  of	  the	  precipitation	  falls	  on	  the	  Western	  half	  of	  the	  
state	  (Hecox	  et	  al	  2010,	  43).	  	  Thus,	  irrigation	  of	  croplands,	  due	  to	  arid-­‐induced,	  climactic	  
25	  
conditions	  is	  necessary	  to	  maintain	  production	  levels	  (Hecox	  et	  al	  2010,	  43).	  	  The	  water	  
allocation,	  especially	  since	  many	  rely	  on	  gravity	  driven	  irrigation	  systems	  (see	  below),	  for	  
agriculture	  is	  subsequently	  high	  due	  to	  the	  necessity	  for	  irrigation	  created	  by	  cropland	  location	  
(Hecox	  et	  al	  2010,	  40).	  	  	  
IRRIGATION:	  TYPES	  AND	  FUNCTIONS	  
The	  irrigation	  of	  crops	  can	  greatly	  increase	  yield	  by	  removing	  water	  as	  the	  limiting	  factor	  
for	  growth	  (Oweis	  et	  al	  2003,	  179).	  	  Consequently,	  this	  high	  demand	  for	  water	  can	  also	  produce	  
unforeseen	  or	  ignored	  externalities	  including	  reductions	  of	  farmland	  productivity,	  salinization	  
of	  soils,	  soil	  erosion,	  water	  loss,	  and	  downstream	  contamination	  from	  runoff	  (Emendack	  et	  al,	  
1486;	  Andales	  et	  al	  2011,	  1).	  	  While	  the	  overall	  use	  of	  irrigation	  could	  be	  decreased	  through	  
reductions	  in	  the	  allocation	  of	  water	  given	  to	  agriculture	  and	  compensated	  by	  changes	  in	  crop	  
growth	  locations	  to	  more	  conducive	  environments,	  the	  amount	  of	  water	  used	  for	  irrigation	  can	  
also	  be	  lessened	  with	  technological	  advancements	  and	  alterations	  in	  irrigation	  techniques	  
(Willardson	  et	  al	  1994,	  3).	  	  Irrigation	  systems	  fall	  into	  two	  main	  categories:	  gravity	  driven	  
(surface	  systems)	  or	  pressurized	  (sprinklers	  or	  drip	  systems)	  irrigation.	  	  	  
The	  most	  common	  type	  of	  surface	  irrigation	  are	  flood,	  or	  furrow,	  systems,	  which	  consist	  
of	  flooding	  croplands,	  allowing	  water	  to	  percolate	  into	  the	  soil,	  providing	  water	  for	  growing	  
crops	  (Hecox	  et	  al	  2010,	  40).	  	  Generally	  water	  is	  conveyed	  through	  ditches	  or	  pipelines	  and	  then	  
dispersed	  onto	  croplands	  through	  ditch	  gates,	  pipe	  valves	  or	  orifices	  (Hecox	  et	  al	  2010,	  40).	  	  
Unspecific	  by	  nature,	  flood	  irrigation	  is	  generally	  inefficient	  in	  terms	  of	  water;	  meaning	  a	  
significant	  amount	  of	  water	  must	  be	  allocated	  with	  little	  comparative	  return	  (Hecox	  et	  al	  2010,	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40).	  	  Lack	  of	  efficiency	  is	  due	  to	  over	  allocation	  of	  water	  to	  certain	  crops	  resulting	  in	  
evaporation	  losses,	  surface	  water	  runoff,	  and	  water	  infiltration	  below	  the	  crop	  root	  zone	  (Burt	  
et	  al	  1997,	  427).	  	  	  
Pressurized	  irrigation	  is	  slightly	  more	  water	  efficient	  mainly	  due	  to	  increased	  specificity	  
of	  the	  system.	  	  Sprinkler	  and	  low-­‐flow	  irrigation	  systems,	  while	  requiring	  more	  energy	  than	  
gravity	  flow	  systems,	  are	  more	  controlled	  in	  application	  amount	  and	  time	  (Burt	  et	  al	  1997,	  426).	  	  
Pressurize	  systems	  include	  center-­‐pivot,	  side-­‐rolls,	  and	  traveling	  guns.	  	  	  
Low-­‐flow	  irrigation	  systems,	  including	  drip,	  trickle	  and	  micro-­‐sprinklers,	  boast	  95%	  
efficiency	  .	  	  Comparativley,	  gravity	  systems	  have	  a	  40-­‐65%	  efficiency	  and	  pressurized	  systems	  a	  
75%	  efficiency	  (Hecox	  et	  al	  2010,	  40).	  	  Delivered	  in	  steady	  but	  calculated	  increments,	  the	  water	  
is	  allowed	  to	  infiltrate	  the	  soil	  completely,	  and	  limited	  amounts	  of	  water	  are	  lost	  to	  evaporation	  
and	  runoff	  (Hecox	  et	  al	  2010,	  40).	  	  According	  to	  the	  State	  of	  the	  Rockies	  report,	  in	  2003	  only	  
“six	  percent	  of	  irrigated	  acres	  used	  low-­‐flow	  systems”	  (Hecox	  et	  al	  2010,	  40).	  	  High	  efficiency	  is	  
especially	  pertinent	  in	  low	  flow	  years,	  offering	  potential	  productivity	  increases	  and	  lower	  
energy	  requirements	  (Hecox	  et	  al	  2010,	  40).	  	  Despite	  these	  and	  other	  incentives,	  including	  
“reduced	  energy	  cost	  and	  reductions	  in	  labor”	  drip	  irrigation	  is	  rarely	  implemented	  due	  to	  the	  
initial	  economic	  obstacles	  (Hecox	  et	  al	  2010,	  41).	  	  Subsequently,	  gravity	  flow	  systems	  are	  the	  
primary	  form	  of	  irrigation	  found	  throughout	  Colorado	  agriculture,	  a	  practice	  further	  facilitated	  
by	  the	  relatively	  low	  cost	  of	  water	  (Dinar	  et	  al	  2011,	  3).	  	  The	  efficiency	  with	  which	  water	  is	  used	  
in	  terms	  of	  agriculture	  could	  be	  vastly	  improved	  with	  more	  specific	  irrigation	  systems	  because	  
less	  water	  would	  be	  required	  to	  accomplish	  the	  same	  level	  of	  yield.	  	  In	  other	  words,	  the	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productivity	  of	  agriculture	  would	  increase	  as	  less	  water	  input	  equated	  to	  the	  same	  –	  if	  not	  
better	  –	  crop	  output,	  requiring	  overall	  less	  water	  to	  be	  allocated	  to	  agriculture.	  	  	  
UNSUSTAINABLE	  IRRIGATION	  
Often,	  to	  support	  human	  civilization,	  agriculture	  has	  been	  cultivated	  in	  areas	  of	  water	  
scarcity,	  for	  instance	  the	  majority	  of	  the	  Western	  US	  relies	  solely	  on	  the	  Colorado	  River	  Basin	  
for	  a	  water	  supply	  (Barnett	  et	  al	  2004,	  7).	  	  Irrigation	  was	  invented	  as	  a	  means	  to	  water	  crops,	  
used	  initially	  as	  a	  supplement	  for	  rainwater	  when	  precipitation	  was	  limited.	  	  Soon	  the	  benefits	  
of	  irrigating	  crops,	  however,	  were	  discovered,	  leading	  to	  the	  explosion	  of	  irrigated	  croplands	  
(Mix	  et	  al.	  2012,	  253).	  	  While	  irrigation	  allowed	  for	  a	  higher	  agricultural	  yield,	  it	  also	  permitted	  
farmers	  to	  cultivate	  land	  in	  areas	  less	  conducive	  for	  agriculture	  alleviating	  restrictions	  from	  
shortages	  in	  water	  availability	  (Christensen	  et	  al	  2004,	  339).	  	  In	  the	  US	  the	  irrigation	  of	  
agricultural	  land	  is	  an	  unsustainable	  practice,	  relying	  too	  heavily	  on	  water	  sources	  and	  
introducing	  high	  amounts	  of	  salinity	  into	  the	  soil,	  ultimately	  destabilizing	  the	  water	  cycle	  (Oweis	  
2012,	  42).	  	  	  
According	  to	  the	  State	  of	  the	  Rockies	  report,	  the	  top	  ten	  percent	  of	  irrigated	  farms	  
account	  for	  half	  of	  the	  water	  consumed	  by	  irrigation	  (Hecox	  et	  al	  2010,	  41).	  	  Furthermore,	  out	  
of	  all	  US	  divisions	  as	  reported	  by	  the	  census,	  the	  Rockies	  region	  contains	  the	  second	  most	  land	  
in	  irrigated	  farms	  (Census	  2007).	  	  With	  only	  80%	  of	  irrigated	  land	  in	  the	  Rockies	  region	  
designated	  to	  cropland	  (as	  compared	  to	  the	  country	  wide	  average	  of	  95%),	  the	  remaining	  20%	  
of	  irrigation	  is	  used	  on	  pasturelands	  to	  sustain	  livestock	  (Hecox	  et	  al	  2010,	  41).	  	  This	  is	  both	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unproductive	  in	  efficient	  water	  use	  to	  produce	  food	  for	  humans	  and	  contributes	  to	  a	  higher	  
water	  footprint	  of	  animal	  products	  (Hoekstra	  et	  al.	  2007,	  38).	  	  	  
Throughout	  the	  Rockies,	  the	  state	  of	  Colorado	  has	  the	  highest	  amount	  of	  irrigated	  land	  
(over	  500,000	  acres),	  and	  as	  previously	  discussed,	  much	  of	  this	  is	  dedicated	  to	  growing	  crops	  
intended	  to	  feed	  livestock	  (Hecox	  et	  al	  2010,	  42).	  	  When	  considering	  the	  efficiency	  of	  water	  use	  
in	  terms	  of	  crops	  produced	  for	  food,	  the	  irrigation	  of	  feed	  crops	  only	  further	  contributes	  to	  the	  
over	  allocation	  of	  water	  for	  agriculture.	  	  The	  intensive	  irrigation	  of	  crops	  in	  Colorado	  increases	  
agricultural	  demand	  for	  water,	  further	  drawing	  resources	  from	  a	  finite,	  highly	  stressed	  system	  
with	  regards	  to	  water	  (Hecox	  et	  al	  2010	  41).	  	  	  
The	  Colorado	  River	  is	  an	  excellent	  example	  of	  water	  exploitation,	  displaying	  obviously	  
the	  consequences	  of	  relying	  too	  heavily	  on	  a	  water	  source	  as	  means	  to	  sustain	  agricultural	  
practices	  in	  high	  desert	  areas	  (Nicholas	  1998,	  85).	  	  Covering	  650,000	  square	  kilometers,	  the	  
Colorado	  River	  Basin	  has	  the	  most	  “complete	  allocation	  of	  its	  water	  resources	  in	  the	  world”	  
(Haddeland	  et	  al	  2006,	  213).	  	  With	  an	  arid	  climate	  there	  is	  a	  large	  demand	  for	  irrigation,	  much	  
of	  which	  relies	  on	  river	  diversions	  (Haddeland	  et	  al.	  2006,	  215).	  	  Due	  to	  extreme	  irrigation,	  the	  
Colorado	  River	  has	  been	  excessively	  diverted,	  over	  allocated,	  and	  now	  suffers	  significant	  salinity	  
problems,	  which	  requires	  concentrated	  monitoring	  (Mix	  et	  al.	  2012,	  253).	  	  Many	  of	  the	  crops	  
grown	  in	  this	  vast	  dry	  area	  are	  used	  to	  produce	  feed	  for	  livestock	  (Lenthe	  2010,	  20).	  	  Most	  of	  
this	  livestock	  is	  raised	  for	  human	  consumption,	  be	  it	  for	  their	  products	  or	  their	  meat	  itself	  
(Nielsen	  et	  al.	  2006,	  993).	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IRRIGATION	  IN	  COLORADO	  	  
Haddeland	  et	  al.	  looked	  into	  the	  effects	  of	  irrigation	  on	  the	  water	  balance	  in	  the	  
Colorado	  River	  basin.	  	  Changes	  in	  runoff	  were	  evaluated	  using	  data	  of	  irrigation	  patterns	  to	  
simulate	  requirements	  over	  20	  years.	  	  Differentiations	  between	  surface	  water,	  reservoir,	  and	  
groundwater	  resources	  were	  made.	  	  Runoff	  refers	  to	  river	  output,	  specifically	  in	  Colorado	  the	  
flow	  of	  the	  Colorado	  River,	  or	  water	  that	  is	  available	  for	  irrigation	  (Haddeland	  et	  al.	  2006,	  213).	  	  
Allowing	  for	  unrestricted	  irrigation,	  mean	  annual	  runoff	  decreased	  37%,	  while	  restricting	  
irrigation	  to	  available	  surface	  water,	  decreased	  mean	  annual	  runoff	  24%	  (Haddeland	  et	  al.	  2006,	  
216).	  	  This	  was	  largely	  due	  to	  less	  water	  used	  (Haddeland	  et	  al.	  2006,	  216).	  	  Use	  of	  water	  from	  
reservoirs,	  both	  ground	  and	  surface,	  accounts	  for	  the	  difference	  in	  runoff	  amounts.	  	  Simulations	  
projected	  irrigation	  requirements	  to	  equal	  8.3	  to	  11.5	  cubic	  kilometers	  per	  year	  within	  the	  next	  
20	  years;	  currently	  requirements	  equal	  10	  cubic	  kilometers	  per	  year	  (Haddeland	  et	  al.	  2006,	  
218).	  	  Furthermore,	  simulations	  show	  an	  increase	  in	  evapotranspiration	  of	  1	  mm	  and	  3.5	  mm	  of	  
water	  from	  freely	  and	  restricted	  water	  availability	  respectively	  (Haddeland	  et	  al.	  2006,	  218).	  	  
Accordingly,	  the	  more	  water	  crops	  have	  available,	  the	  large	  the	  evapotranspiration	  flux	  in	  terms	  
of	  the	  simulation	  scheme	  because	  all	  soil	  moisture	  available	  is	  assumed	  to	  be	  consumed.	  	  
Precipitation	  events	  are	  not	  taken	  into	  account;	  thus,	  it	  is	  apparent	  “farmers	  might…need	  to	  
irrigated	  based	  on	  forecasted	  precipitation”	  to	  conserve	  water	  by	  reducing	  irrigation	  needs	  
(Haddeland	  et	  al.	  2006,	  218).	  	  	  
Consequences	  of	  unsustainable	  irrigation	  were	  predicted	  and	  explored	  in	  Wichelns	  and	  
Oster’s	  study.	  	  They	  looked	  at	  poor	  irrigation	  techniques,	  which	  result	  in	  salinization,	  
degradation	  of	  downstream	  water	  quality,	  and	  reductions	  in	  overall	  farm	  productivity	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(Wichelns	  et	  al.	  2006,	  114).	  	  Through	  the	  use	  of	  empirical	  examples,	  Wichelns	  and	  Oster	  
conclude	  the	  necessity	  of	  increasing	  water	  efficiency	  with	  respect	  to	  irrigation	  of	  agriculture.	  	  
Regarding	  the	  Colorado	  River,	  specifically,	  flow	  has	  decreased	  on	  average	  approximately	  15x109	  
m3	  per	  year	  (Wichelns	  et	  al.	  2006,	  117).	  	  Furthermore,	  Wichelns	  et	  al.	  found	  droughts	  
historically	  to	  range	  from	  5	  to	  15	  years,	  and	  with	  a	  recent	  drought	  starting	  in	  2000,	  predict	  
water	  reservoirs	  (including	  Lake	  Meed	  and	  Lake	  Powell)	  to	  become	  substantially	  depleted	  
(Wichelns	  et	  al.	  2006,	  118).	  	  They	  suggest	  changes	  and	  improvements	  in	  technology	  as	  a	  means	  
to	  achieve	  this	  goal	  (Wichelns	  et	  al.	  2006,	  124).	  	  	  
Overconsumption	  of	  water	  will	  be	  apparent	  initially	  through	  reduced	  river	  flow	  (Arnell	  
1999,	  S35).	  	  Depending	  on	  the	  extent	  of	  current	  water	  stress	  and	  the	  severity	  of	  the	  shortage	  
some	  rivers	  may	  cease	  to	  flow	  to	  their	  natural	  outputs	  (Arnell	  1999,	  S47).	  	  	  
In	  the	  San	  Luis	  Valley,	  agriculture	  is	  largely	  responsible	  for	  changes	  in	  stream	  flow	  of	  the	  
Upper	  Rio	  Grande	  River,	  as	  shown	  by	  Mix	  et	  al.	  (2012,	  254).	  	  Diverted	  since	  1852,	  changes	  in	  
crop	  selections,	  yield	  potential,	  and	  irrigation	  methods	  have	  caused	  an	  increase	  in	  irrigation	  
demand,	  leading	  to	  larger	  diversions	  (Mix	  et	  al.	  2012,	  254).	  	  Changes	  in	  stream	  flow	  are	  
compared	  with	  possible	  environmental	  aspects	  to	  determine	  drivers	  of	  the	  variations.	  	  Over	  a	  
95-­‐year	  period,	  diversions	  were	  found	  to	  increase	  by	  and	  large,	  decreasing	  stream	  flow	  in	  
patterns	  correlated	  with	  growth	  in	  irrigation	  demands	  (Mix	  et	  al.	  2012,	  261).	  	  Irrigation	  demand	  
was	  largely	  due	  to	  wider	  agricultural	  expanse	  and	  selection	  of	  alfalfa	  over	  other	  possible	  crops	  
(Mix	  et	  al.	  2012,	  266).	  	  With	  an	  approximate	  1°C	  increase	  in	  temperature	  observed	  over	  the	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same	  time	  span,	  decrease	  in	  stream	  flow	  was	  shown	  to	  be	  largely,	  if	  not	  entirely,	  due	  to	  
agriculture	  (Mix	  et	  al.	  2012,	  269).	  	  	  
With	  many	  municipal	  areas	  also	  dependent	  on	  watersheds	  as	  their	  water	  source,	  
irrigation	  withdrawals	  causing	  reductions	  in	  rivers	  will	  be	  detrimental.	  	  The	  surrounding	  
environment	  will	  suffer	  from	  the	  exploitation	  and	  removal	  of	  such	  a	  valuable	  resource	  (Arnell	  
1999,	  S36).	  	  Continued	  water	  exploitation	  will	  cause	  human	  suffering	  as	  well,	  with	  the	  eventual	  
collapse	  of	  other	  natural	  systems,	  with	  failures	  due	  to	  the	  removal	  of	  water	  from	  the	  natural	  
cycle	  (Arnell	  1999,	  S32).	  	  	  
COLORADO	  AGRICULTURE	  
Agriculture	  in	  Colorado	  contributes	  over	  7	  billion	  dollars	  annually	  to	  the	  state’s	  economy,	  
generating	  close	  to	  100,000	  jobs	  (Tipton	  2012).	  	  Agriculture	  includes	  livestock	  as	  well	  as	  crops	  
(fruits,	  nuts,	  grains,	  etc).	  	  The	  four	  main	  agriculture	  crops	  grown	  are	  hay,	  corn,	  wheat,	  and	  
potatoes,	  which	  account	  for	  90%	  of	  production	  value	  of	  all	  state	  crops	  (Lenthe	  2005,	  10).	  	  While	  
a	  large	  amount	  of	  crops	  are	  used	  as	  feed	  in	  Colorado,	  over	  80%	  of	  all	  wheat	  grown	  is	  exported	  
outside	  the	  U.S.	  (Lenthe	  2005,	  20).	  	  With	  2.6	  million	  head	  of	  cattle	  in	  the	  state,	  beef	  and	  dairy	  
products	  are	  by	  far	  the	  largest	  commodity,	  and	  account	  for	  the	  2.5	  billion	  pounds	  of	  milk	  
produced	  annually	  (“Colorado	  Agriculture”).	  	  With	  the	  state	  so	  reliant	  on	  agriculture	  both	  
physically	  –	  for	  food	  –	  and	  economically,	  the	  need	  to	  continue	  production	  despite	  possible	  
water	  shortages	  is	  crucial	  to	  the	  well	  being	  of	  citizens.	  	  With	  increased	  demand	  for	  water,	  
however,	  continuing	  the	  practice	  of	  agriculture	  will	  be	  best	  accomplished	  through	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improvements	  in	  efficiency:	  decreased	  water	  demand	  and/or	  increased	  productivity	  yield	  
(Rhoades	  1997,	  2).	  	  	  
INEFFICIENCIES	  IN	  WATER	  ALLOCATION	  
Cattle	  and	  other	  livestock,	  which	  humans	  ultimately	  consume,	  command	  an	  extreme	  
amount	  of	  water	  to	  sustain	  until	  maturity,	  attributed	  mainly	  to	  food	  requirements	  (Burke	  et	  al	  
2009,	  180).	  	  The	  water	  used	  in	  meat	  production	  has	  been	  estimated	  to	  range	  from	  20,559	  and	  
20,864	  liters	  per	  kilogram	  of	  boneless	  beef,	  but	  with	  a	  large	  degree	  of	  error	  according	  to	  
Beckett	  et	  al.	  (1993,	  818).	  	  Estimates	  are	  generally	  difficult	  to	  establish,	  as	  many	  factors	  must	  
for	  be	  accounted	  (Burk	  et	  al	  2009,	  180).	  	  While	  based	  on	  fact,	  all	  water	  use	  estimates	  for	  animal	  
products	  must	  be	  recognized	  as	  approximations.	  
While	  water	  is	  also	  used	  in	  the	  watering,	  slaughtering	  and	  cleaning	  processes,	  as	  well	  as	  
absorbing	  pollution	  such	  as	  fecal	  waste,	  most	  of	  the	  water	  required	  to	  raise	  livestock	  and	  
produce	  edible	  meat	  is	  from	  the	  growing	  of	  the	  feed	  grain	  (Beckett	  et	  al	  1993,	  818).	  	  Feed	  grain,	  
as	  determined	  by	  the	  USDA,	  consist	  mainly	  of	  corn,	  sorghum,	  barley,	  oats,	  and	  wheat	  
(“Economic	  Research	  Service”,	  2013).	  	  If	  irrigation	  in	  Colorado	  is	  used	  mainly	  to	  grow	  feed	  
grains,	  then	  water	  is	  being	  inefficiently	  used	  to	  produce	  food	  for	  humans.	  	  In	  other	  words,	  the	  
allocation	  of	  water	  is	  too	  high	  for	  agriculture	  insofar	  that	  the	  yield	  produced	  in	  terms	  of	  food	  
for	  humans	  is	  unreasonably	  low.	  	  	  	  
IRRIGATION	  ALLOCATION	  
	   In	  this	  paper,	  the	  main	  goal	  of	  agriculture	  is	  understood	  to	  be	  to	  provide	  a	  reliable	  
source	  of	  food	  on	  which	  humans	  can	  depend	  (Fereres	  et	  al	  2006,	  148).	  	  Anticipated	  increases	  in	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population	  are	  expected	  to	  exponentially	  increase	  the	  demand	  for	  food,	  as	  well	  as	  other	  
resources.	  	  This	  further	  emphasizes	  the	  importance	  of	  a	  sustainable	  agricultural	  system	  to	  
ensure	  a	  reliable	  food	  supply	  (Fererer	  et	  al	  2006,	  149).	  	  	  
	   According	  to	  the	  United	  Nations	  Population	  Division	  data,	  anticipated	  population	  
increases	  are	  presented	  in	  three	  scenarios	  based	  on	  the	  fertility	  rates	  of	  women	  (Wallace	  2000,	  
106).	  	  Assuming	  the	  most	  optimistic	  scenario,	  the	  world	  population	  is	  estimated	  to	  increase	  by	  
two	  billion	  (35%),	  but	  is	  suspected	  to	  almost	  double	  by	  2050	  (Wallace	  2000,	  106).	  	  With	  rapid	  
population	  increases,	  agricultural	  systems	  must	  not	  only	  adjust	  quickly	  to	  higher	  levels	  of	  
production,	  but	  effects	  of	  anthropogenic	  climate	  change	  will	  be	  exacerbated	  due	  to	  increased	  
CO2	  emissions	  and	  other	  resource	  degradation;	  all	  of	  which	  will	  ultimately	  contribute	  to	  further	  
depletion	  of	  the	  fresh	  water	  supply	  (Wallace	  2000,	  106).	  	  To	  account	  for	  increased	  production	  
rates	  in	  agriculture	  coupled	  with	  potential	  reductions	  in	  the	  water	  supply	  through	  climate	  
change	  and	  increased	  demand,	  water	  must	  be	  efficiently	  used	  in	  crop	  cultivation	  to	  ensure	  high	  
productivity	  (Fereres	  et	  al	  2000,	  149).	  	  	  
	   Shiklomanov	  estimates	  three-­‐quarters	  of	  the	  annual	  renewable	  freshwater	  resource	  
consumed	  by	  man	  is	  currently	  attributable	  to	  irrigated	  agriculture	  (Wallace	  2000,	  107).	  	  
Moreover,	  an	  estimated	  20%	  of	  this	  water	  is	  used	  globally	  to	  irrigate	  feed	  crops;	  roughly	  7,404	  
cubic	  gigameters	  per	  year	  (Mekonnen	  et	  al.	  2012,	  407).	  	  Approximately	  670	  million	  tons	  of	  
cereals	  are	  cultivated	  and	  fed	  to	  livestock	  per	  year	  (Speedy	  2003,	  4052S).	  	  Irrigation	  of	  feed	  
contributes	  to	  the	  over	  allocation	  of	  water	  to	  agriculture	  by	  contributing	  to	  a	  low	  food	  yield	  
when	  compared	  to	  the	  water	  required	  in	  crop	  cultivation	  (Mekonnen	  et	  al.	  2012,	  407).	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   The	  current	  agricultural	  system	  is	  not	  resilient	  and	  inefficient	  in	  water	  use	  because	  the	  
production	  to	  water	  used	  ratio	  is	  small.	  	  Water	  is	  over	  allocated	  to	  the	  agricultural	  sector,	  and	  
thus,	  under	  conditions	  of	  sustained	  drought,	  the	  current	  agricultural	  system	  will	  collapse	  under	  
water	  stress	  (Wallace	  2000,	  107).	  	  	  
Frisvold	  et	  al.	  studied	  the	  effects	  of	  water	  scarcity	  on	  agriculture	  in	  the	  Southern	  
Mountain	  states	  including:	  Arizona,	  California,	  Colorado,	  Nevada,	  Utah,	  and	  New	  Mexico.	  	  
Irrigation	  was	  found	  to	  account	  for	  82%	  of	  water	  withdrawals	  within	  the	  given	  area	  (Frisvold	  et	  
al.	  2012,	  1).	  	  Using	  a	  US	  Agricultural	  Resource	  Model,	  effects	  on	  agriculture	  were	  analyzed	  
when	  available	  water	  was	  reduced	  25%	  (Frisvold	  et	  al.	  2012,	  1).	  	  With	  such	  restrictions	  on	  water,	  
irrigated	  acreage	  in	  the	  southern	  mountain	  states	  declined	  54,700	  acres;	  however,	  increases	  in	  
dryland	  acreage	  compensated	  for	  the	  loss	  (Frisvold	  et	  al.	  2012,	  5).	  	  	  
Dryland	  farming,	  a	  technique	  for	  cultivating	  non-­‐irrigated	  land,	  significantly	  decreases	  
water	  usage,	  as	  does	  changing	  the	  type	  of	  crop	  species	  grown.	  	  For	  example,	  in	  Arizona	  5.8	  
versus	  4.2	  and	  3.5	  acrefeet	  of	  water	  is	  required	  per	  acre	  to	  grow	  alfalfa	  compared	  to	  cotton	  and	  
wheat	  respectively	  (Frisvold	  et	  al.	  2012,	  5).	  	  Frisvold	  et	  al,	  further	  found	  farmers	  could	  respond	  
to	  water	  scarcities	  by	  fallowing	  land	  and	  altering	  water	  use	  on	  irrigated	  land	  (Frisvold	  et	  al.	  
2012,	  5).	  	  If	  water	  availability	  becomes	  limited	  to	  a	  point	  of	  sever	  drought	  conditions,	  necessary	  
changes	  in	  farming	  technique,	  such	  as	  the	  implementation	  of	  dryland	  farming,	  will	  be	  important	  
to	  increase	  the	  resilience	  of	  agricultural	  systems.	  	  	  
Inefficiencies	  in	  water	  allocation	  within	  agriculture	  are	  demonstrated	  by	  analyzing	  the	  
irrigation	  of	  feed	  crops	  as	  compared	  to	  food	  crops	  (Speedy	  2003,	  4052S).	  	  Currently	  the	  US	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feeds	  40%	  of	  total	  cereals	  to	  livestock	  (Speedy	  2003,	  4052S).	  	  A	  main	  feed	  exporter	  as	  well,	  a	  
significant	  amount	  of	  crops	  grown	  within	  the	  US	  are	  intended	  as	  feed	  for	  animals	  as	  opposed	  to	  
food	  for	  humans	  (Speedy	  2003,	  4053S).	  	  Using	  freshwater	  to	  produce	  feed	  crops	  for	  livestock	  
rather	  than	  food	  crops	  to	  sustain	  humans	  is	  an	  inefficient	  use	  of	  the	  resource	  when	  the	  goal	  of	  
agriculture	  is	  to	  efficiently	  sustain	  humans	  through	  food	  production	  (Oweis	  et	  al	  2007,	  42).	  	  	  
Agricultural	  productivity	  levels	  in	  terms	  of	  water	  use	  efficiency	  are	  further	  reduced	  
when	  the	  consumption	  of	  livestock	  as	  human	  food	  is	  taken	  into	  consideration,	  due	  to	  the	  highly	  
water	  intensive	  process	  of	  producing	  animal	  products	  (Beckett	  et	  al	  1993,	  818).	  	  The	  water	  
footprint	  is	  a	  method	  of	  measurement,	  similar	  to	  the	  ecological	  footprint,	  measuring	  the	  
volume	  of	  freshwater	  required	  in	  the	  production	  of	  any	  given	  product	  (Hoekstra	  2012,	  3).	  	  In	  
terms	  of	  livestock,	  this	  generally	  includes	  water	  used	  in	  feed	  cultivation,	  both	  that	  from	  
irrigation	  and	  evapotranspiration,	  polluted	  water	  from	  agricultural	  and	  livestock	  runoff,	  and	  
service	  water	  used	  to	  sustain	  livestock,	  such	  as	  water	  for	  drinking	  and	  washing	  (Mekonnen	  et	  al	  
2012,	  402).	  	  	  
The	  water	  footprint	  of	  livestock	  varies	  drastically	  with	  estimates	  specifically	  of	  beef	  
production	  ranging	  from	  27	  liters	  to	  200,000	  liters	  of	  water	  per	  kilogram	  of	  beef	  produced	  
(Ridoutt	  2012,	  173).	  	  Variations	  in	  estimates	  are	  results	  of	  different	  water	  accounting	  methods,	  
and	  the	  lower	  estimates	  usually	  not	  considering	  all	  water	  uses	  (Ridoutt	  2012,	  173).	  	  Beckett	  et	  
al	  in	  their	  own	  estimation	  concluded	  3,682	  liters	  of	  water	  is	  required	  to	  produce	  one	  kilogram	  
of	  boneless	  beef,	  roughly	  equating	  to	  78.5	  billion	  liters	  of	  water	  used	  globally	  in	  beef	  
production	  (Beckett	  et	  al	  1993,	  819).	  	  Meanwhile,	  Hoekstra	  et	  al	  estimates	  the	  virtual	  water	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content	  of	  chicken	  meat,	  pork,	  and	  beef	  to	  respectively	  be	  3900,	  4900,	  and	  5500	  cubic	  meters	  
per	  ton	  (Hoekstra	  et	  al	  2007,	  39).	  	  Subsequently,	  assuming	  these	  numbers,	  the	  average	  150-­‐
gram	  hamburger	  has	  a	  virtual	  water	  content	  of	  2,400	  liters	  (Hoekstra	  et	  al	  2007,	  41).	  	  
Comparatively	  150-­‐gram	  soy	  burger	  has	  a	  water	  footprint	  of	  approximately	  160	  liters;	  fifteen	  
times	  less	  than	  a	  normal	  beef	  burger	  (Hoekstra	  2012,	  6).	  	  (For	  more	  on	  livestock	  water	  footprint,	  
global	  meat	  demand,	  and	  related	  topics	  see	  Appendix	  A.)	  
In	  terms	  of	  water	  efficiency	  by	  way	  of	  productivity,	  producing	  food	  for	  humans	  through	  
animal	  products	  is	  far	  more	  water	  intensive	  than	  producing	  crops,	  and	  so,	  more	  water	  
inefficient	  (Hoekstra	  2012,	  5).	  	  This	  paper	  is	  not,	  however,	  supporting	  a	  vegetarian	  diet,	  as	  the	  
need	  for	  increased	  efficiency	  in	  crop	  cultivation	  is	  necessary	  as	  well.	  	  The	  productivity	  of	  
agriculture	  with	  respect	  to	  water	  could	  be	  improved	  by	  minimizing	  the	  use	  of	  irrigation,	  
especially	  in	  regards	  to	  the	  irrigation	  of	  feed	  crops.	  	  Agriculture	  is	  allocated	  the	  majority	  of	  
water	  consumed,	  estimates	  are	  around	  75%,	  yet	  productivity	  of	  the	  sector,	  meaning	  the	  output	  
yielded	  from	  crop	  cultivation,	  is	  low,	  estimated	  around	  3%	  (Oweis	  2012,	  40).	  	  As	  water	  supply	  is	  
anticipated	  to	  diminish,	  especially	  in	  arid	  climates	  such	  as	  Colorado,	  the	  high	  consumption	  rate	  
of	  water	  by	  agriculture	  is	  relatively	  unsustainable	  and	  productivity	  levels	  of	  the	  sector	  must	  
overall	  increase	  to	  adapt	  to	  higher	  food	  demands	  from	  population	  growth	  and	  changes	  in	  
climate	  (Hoekstra	  et	  al	  2007,	  46).	  	  In	  this	  paper,	  the	  agricultural	  inefficiency	  of	  water	  usage,	  
evaluated	  in	  terms	  of	  food	  yield	  for	  humans,	  is	  demonstrated	  through	  the	  assessment	  of	  
irrigated	  land	  growing	  crops	  intended	  for	  feed	  and	  compared	  to	  those	  intended	  for	  human	  food.	  	  
Furthermore,	  the	  resilience	  of	  the	  agricultural	  system	  is	  questioned	  through	  the	  examination	  of	  
yield	  under	  limited	  available	  water	  supply,	  illustrated	  with	  contrasting	  data	  from	  the	  years	  2002	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and	  2007.	  	  Resilience,	  understood	  here	  to	  mean	  the	  ability	  to	  produce	  food	  under	  varying	  
conditions,	  especially	  sustained	  conditions	  of	  water	  limitations,	  can	  be	  improved	  through	  
developed	  productivity	  of	  agriculture	  systems.	  	  Resilience	  and	  proper	  allocation	  is	  the	  ultimate	  
goal	  as	  it	  will	  ensure	  water	  availability	  for	  all	  sectors	  in	  times	  of	  water	  shortages	  and	  continued	  
food	  production	  to	  satisfy	  food	  demand.	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  “Water,	  taken	  in	  moderation,	  cannot	  hurt	  anyone”	  
	  Mark	  Twain	  
METHODOLOGY	  
This	  study	  was	  designed	  to	  utilize	  primary	  data	  collected	  with	  government	  –	  approved	  
practices	  to	  determine	  the	  efficiency	  with	  which	  water	  is	  used	  in	  agriculture	  based	  on	  allocation,	  
productivity,	  and	  system	  resilience.	  	  This	  section	  details	  the	  methods	  used	  in	  this	  study;	  the	  
participants:	  the	  areas	  for	  which	  data	  was	  gathered	  and	  sources	  from	  which	  records	  were	  taken,	  
the	  materials:	  the	  specific	  records	  used,	  and	  the	  procedure:	  detailed	  directions	  on	  processing	  
the	  data	  to	  accurately	  reflect	  the	  research	  questions.	  	  All	  methods	  used	  to	  find	  data	  are	  
included,	  even	  those	  that	  eventually	  proved	  fallow.	  	  	  
PARTICIPANTS	  
Within	  the	  state	  of	  Colorado	  there	  are	  64	  counties	  divided	  by	  the	  continental	  divide	  into	  
east	  slope	  and	  west	  slope.	  In	  2007	  there	  were	  reported	  37,054	  farms	  statewide	  spanning	  
31,604,911	  acres,	  largely	  dominating	  the	  eastern	  plains	  of	  the	  state	  (“Statewide	  profile”,	  2009).	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Due	  to	  the	  nature	  of	  a	  senior	  thesis	  
study,	  averaged	  data	  from	  the	  top	  ten	  
agricultural	  counties	  in	  Colorado	  was	  used	  to	  
represent	  statewide	  agriculture	  practices.	  	  
Selected	  based	  on	  market	  value	  of	  agriculture	  
products	  sold,	  as	  determined	  by	  2007	  census	  
data,	  the	  counties	  include:	  Weld,	  Yuma,	  Morgan,	  Logan,	  Kit	  Carson,	  Prowers,	  Adams,	  Phillips,	  
Washington,	  Larimer	  (For	  larger	  map	  see	  Appendix	  C).	  	  While	  this	  study	  does	  not	  focus	  on	  the	  
economic	  aspects	  of	  agriculture,	  economic	  productivity	  is	  the	  main	  driver	  of	  agriculture.	  	  It	  is	  
thus	  assumed	  these	  counties	  are	  also	  the	  most	  productive,	  meaning	  they	  represent	  the	  
majority	  range	  of	  agricultural	  practices	  used	  within	  the	  state.	  	  It	  is	  further	  assumed	  these	  
counties	  best	  display	  the	  efficiency	  of	  water	  use	  and	  changes	  in	  yield	  from	  water	  loss	  because	  
they	  are	  the	  most	  active	  in	  terms	  of	  agriculture.	  	  Along	  with	  individual	  data,	  the	  average	  of	  
these	  ten	  counties	  is	  calculated,	  representing	  statewide	  agricultural	  activity.	  The	  top	  ten	  
counties	  populate	  the	  Northeastern	  corner	  of	  the	  state.	  	  Located	  on	  the	  plains	  of	  Colorado,	  this	  
area	  has	  an	  arid	  climate,	  similar	  to	  that	  of	  Kansas	  and	  Nebraska	  (Zoebl	  2003,	  174).	  	  	  
The	  United	  States	  Geological	  Survey	  (USGS)	  collects	  water	  records	  for	  states	  and	  
counties	  used	  to	  estimate	  water	  usage	  in	  the	  US	  at	  over	  1.5	  million	  sites	  (“Water	  data	  for	  the	  
Nation”,	  2013).	  	  This	  data	  is	  available	  from	  years	  1985	  to	  2005,	  collected	  in	  five-­‐year	  increments,	  
the	  most	  recent	  data	  when	  this	  study	  was	  conducted	  –	  that	  used	  in	  this	  study	  –	  being	  from	  
2005.	  	  Information	  is	  found	  through	  the	  USGS	  using	  the	  National	  Water	  Information	  Systems	  
(NWIS)	  portal,	  by	  state,	  by	  county,	  for	  2005.	  	  
FIGURE	  2.	  COLORADO	  VALUE	  OF	  AGRICULTURAL	  PRODUCTS	  
SOLD	  BY	  COUNTY.	  	  THE	  BLUE	  COUNTIES	  ARE	  THOSE	  USED	  IN	  
THE	  STUDY.	  	  SOURCE:	  WWW.COLORADOAGRICULTURE.COM	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MATERIALS	  
While	  agriculture	  records	  are	  public	  information	  for	  the	  most	  part,	  the	  data	  is	  not	  
necessarily	  easily	  found	  or	  accessed.	  	  Several	  attempts	  were	  made	  to	  find	  the	  necessary	  data	  
before	  it	  was	  accomplished.	  	  Successful	  steps	  are	  included	  along	  with	  failures.	  	  	  
Data	  was	  first	  gathered	  from	  the	  state,	  through	  the	  State	  Department	  of	  Agriculture.	  	  
Annual	  data	  for	  total	  surface	  water	  diversion	  and	  total	  acres	  grown	  by	  county	  are	  recorded.	  	  
This	  data,	  however,	  is	  collected	  through	  self-­‐reporting	  methods	  leading	  to	  potentially	  unreliable	  
figures.	  	  
	   The	  federal	  government	  collects	  more	  detailed	  data	  through	  the	  census	  in	  five-­‐year	  
increments.	  	  Data	  is	  from	  the	  USDA,	  collected	  in	  the	  Census	  of	  Agriculture	  and	  organized	  by	  the	  
National	  Agricultural	  Statistics	  Service.	  	  It	  is	  available	  through	  USDA	  Census	  of	  Agriculture	  
website	  (http://www.agcensus.usda.gov)	  or	  compiled	  with	  other	  surveyed	  data	  on	  the	  NASS	  
website	  (http://www.nass.usda.gov/Quick_Stats/)	  using	  the	  QuickStats	  link.	  	  Data	  on	  the	  state	  
and	  county	  level	  is	  favored,	  particularly	  Colorado	  specific	  data,	  but	  this	  is	  supplemented	  with	  
national	  data	  when	  necessary.	  	  Although	  data	  can	  be	  found	  in	  these	  databases,	  the	  data	  is	  
much	  more	  easily	  accessed	  directly	  through	  the	  Census	  of	  Agriculture	  .PDF	  files,	  which	  are	  
electronic	  copies	  of	  the	  published	  document.	  	  The	  databases	  contain	  so	  much	  information,	  the	  
sheer	  volume,	  coupled	  with	  technical	  organization	  methods,	  proves	  difficult	  to	  navigate.	  	  	  
	   From	  the	  Census	  of	  Agriculture,	  county-­‐level	  data	  includes	  agricultural	  land	  and	  total	  
harvested	  acres	  distinguishing	  within	  both	  by	  irrigated	  or	  not,	  and,	  yields	  for	  multiple	  crops	  in	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tons,	  bushels,	  or	  acres,	  specifying	  irrigation	  and	  purpose	  (such	  as	  corn	  for	  grain	  or	  corn	  for	  
silage).	  	  
Data	  from	  the	  years	  2002	  and	  2007	  is	  analyzed.	  	  Since	  they	  are	  the	  most	  recent,	  they	  are	  
assumed	  to	  be	  the	  most	  accurate	  for	  present-­‐day	  conditions.	  	  2007	  is	  considered	  the	  control	  
year,	  and	  compared	  to	  that	  of	  2002,	  during	  which	  the	  state	  was	  going	  through	  severe	  drought	  
conditions,	  so	  water	  is	  assumed	  severely	  limited	  (“US	  
Drought	  Monitor	  Archives”,	  2013).	  	  Previous	  years	  of	  sever	  
drought,	  starting	  in	  2000	  and	  continuing	  until	  2002,	  greatly	  
depleted	  reservoirs	  storage.	  	  Limited	  runoff	  in	  conjunction	  
with	  minimal	  supplementation	  from	  reservoir	  storages	  
caused	  conditions	  of	  sever	  drought	  in	  Colorado	  (Frisvold	  et	  
al.	  2012,	  4).	  	  2002	  data	  is	  used	  here	  as	  an	  indicator	  for	  
possible	  outcomes	  from	  consistent	  reduced	  water	  
availability	  compared	  to	  unrestricted	  water	  access,	  as	  
demonstrated	  by	  2007	  data.	  	  	  
Reported	  crops	  are	  separated	  into	  food	  crops	  and	  feed	  crops.	  	  In	  the	  census	  the	  
category	  of	  “forage”	  includes	  “land	  used	  for	  all	  hay	  and	  haylage,	  grass	  silage,	  and	  greenchop”	  
(2007	  Census,	  Appendix	  B,	  B-­‐12).	  	  “All	  Hay”	  encompasses	  “alfalfa,	  other	  tame,	  small	  grain,	  and	  
wild”	  (2007	  Census,	  Appendix	  B,	  B-­‐12).	  	  Acreage	  is	  counted	  once	  per	  season,	  but	  if	  multiple	  
harvestings	  are	  made	  from	  the	  same	  acreage	  the	  full	  collected	  amount	  is	  reflected	  in	  the	  
“Quantity	  Harvested”,	  reported	  in	  tons	  (2007	  Census,	  Appendix	  B,	  B-­‐13).	  	  If	  haylage	  or	  silage	  
FIGURE	  3.	  DROUGHT	  CONDITIONS	  FROM	  
JULY	  30,	  2002	  (TOP)	  AND	  JULY	  31,	  
2007	  (BOTTOM).	  SOURCE:	  
HTTP://DROUGHT.UNL.EDU/DM	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was	  harvested	  from	  an	  area,	  from	  which	  hay	  or	  other	  crops	  were	  also	  harvested,	  the	  acreage	  
and	  production	  was	  reported	  in	  the	  appropriate	  category	  for	  both	  groups	  (2007	  Census,	  
Appendix	  B,	  B-­‐13).	  	  In	  this	  study	  all	  silage	  and	  forage	  crops	  are	  included	  in	  the	  feed	  category.	  	  	  
Crops	  grown	  for	  grain	  are	  also	  reported	  in	  the	  census	  data;	  however	  there	  is	  no	  
distinction	  made	  for	  the	  purpose	  of	  this	  grain	  (food,	  energy,	  feed,	  etc.).	  	  Several	  assumptions	  
are	  made	  here,	  in	  order	  to	  roughly	  estimate	  the	  amount	  of	  grain	  used	  as	  feed	  compared	  to	  
food	  that	  is	  produced	  in	  Colorado.	  	  The	  National	  Agricultural	  Statistics	  Service	  (NASS)	  reports	  
“feed	  and	  residual	  use”	  for	  wheat,	  rice,	  and	  the	  “feed	  grains”,	  which	  they	  classify	  as	  barley,	  
sorghum,	  corn,	  and	  oats	  (“USDA	  National	  Agricultural	  Statistics	  Service”,	  2013).	  	  Due	  to	  the	  
immense	  amount	  of	  data	  stored	  in	  and	  the	  intricacy	  necessary	  in	  navigating	  the	  NASS	  system	  
this	  category	  was	  found	  through	  the	  assistance	  of	  the	  Tom	  Capehart,	  the	  Agricultural	  
Economist	  and	  website	  administrator	  responsible	  for	  overseeing	  the	  database.	  	  The	  following	  
information	  was	  gathered	  during	  the	  exchange.	  	  	  
“Feed	  and	  residual	  use”	  is	  the	  remaining	  volume	  of	  total	  supply	  after	  accounting	  for	  
consumption	  by	  food,	  industrial	  use,	  exports,	  seed,	  and	  ending	  stock	  (Capehart,	  personal	  
communication,	  2013).	  This	  category	  is	  an	  inherently	  vague	  estimate	  (Capehart,	  personal	  
communication,	  2013).	  	  Error	  is	  attributed	  to	  unaccounted	  grain,	  such	  as	  that	  in	  transit	  or	  
privately	  stored,	  and	  inaccurate	  reporting,	  bulk	  change	  from	  shrinkage,	  etc	  (Capehart,	  personal	  
communication,	  2013).	  	  Total	  production	  and	  feed	  and	  residual	  use	  is	  reported	  on	  a	  national	  
level	  for	  the	  harvesting	  year	  (starting	  in	  September	  or	  June	  depending	  on	  the	  crop)	  in	  bushels,	  
tons,	  or	  acres,	  and	  the	  necessary	  data	  for	  unit	  conversion	  is	  not	  always	  available	  (Capehart,	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personal	  communication,	  2013).	  	  “Feed	  and	  residual	  use”	  is	  henceforth	  assumed	  to	  represent	  
feed.	  	  	  
Data	  for	  the	  feed	  to	  production	  ratio	  is	  collected	  from	  the	  USDA	  Crop	  Production	  2012	  
Summary,	  Chapter	  1:	  Statistics	  of	  Grain	  and	  Feed	  (“Crop	  Summary”,	  2013).	  	  Data	  for	  amount	  
produced	  and	  amount	  used	  of	  feed	  and	  residual	  use	  (measured	  in	  bushels)	  is	  collected	  for	  
wheat,	  barley,	  corn,	  oats,	  and	  sorghum	  from	  tables	  corresponding	  to	  individual	  grains.	  For	  data	  
collected	  see	  Appendix	  B.	  
In	  this	  study,	  feed	  crops	  represent	  all	  crops	  of	  which	  yield	  produced	  is	  used	  to	  sustain	  
livestock;	  this	  includes	  forage	  (hay,	  haylage,	  grass	  silage,	  green	  chop,	  and	  alfalfa),	  corn	  silage,	  
sorghum	  silage,	  and	  the	  grains	  corn,	  sorghum,	  oats,	  wheat,	  and	  barley	  corrected	  for	  the	  
national	  usage	  as	  feed,	  as	  well	  as	  cultivated	  pastureland.	  	  Only	  irrigated	  pastureland	  is	  reported	  
and	  accounted	  for	  in	  this	  study	  because	  non-­‐irrigated	  pastureland	  was	  not	  found	  to	  be	  
documented	  by	  Census	  collections.	  	  Food	  crops	  consist	  of	  all	  other	  crops	  grown.	  	  It	  is	  assumed	  
the	  majority	  of	  all	  remaining	  crops	  produced	  become	  food	  for	  humans.	  (See	  Appendix	  B	  for	  
data)	  
Data	  from	  the	  census	  is	  collected	  from	  2007	  records,	  which	  presents	  2002	  records	  in	  the	  
tables	  as	  well.	  	  Records	  are	  specific	  to	  Colorado	  and	  separated	  by	  county.	  	  Table	  1	  reports	  total	  
cropland	  and	  harvested	  cropland.	  	  Table	  10	  reports	  irrigated	  cropland,	  irrigated	  pastureland,	  
and	  irrigated	  harvested	  cropland.	  	  Crops	  grown	  for	  grain	  (barley,	  sorghum,	  corn	  and	  oats;	  
details	  see	  below)	  are	  found	  in	  Table	  26,	  reported	  in	  acres	  and	  quantity,	  distinguishing	  between	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harvested	  and	  irrigated.	  	  Forage	  records	  are	  found	  in	  Table	  27	  along	  with	  corn	  and	  sorghum	  
silage,	  also	  distinguishing	  between	  harvested	  and	  irrigated.	  	  For	  collected	  data	  see	  Appendix	  B.	  	  
Data	  for	  water	  usage	  is	  collected	  from	  “Water	  Usage”,	  for	  the	  categories	  “Irrigation,	  
Crops”	  and	  “Irrigation,	  Total”.	  	  Within	  these	  divisions	  the	  amount	  of	  water	  used	  for	  three	  types	  
of	  irrigation	  by	  county	  are	  reported:	  sprinkler	  irrigation,	  microirrigation,	  and	  surface	  (flood)	  
irrigation.	  	  Total	  water	  use	  is	  also	  available	  from	  this	  data.	  	  In	  staying	  consistent	  with	  the	  study	  
parameters,	  information	  taken	  from	  this	  data	  represents	  the	  top	  ten	  counties	  earlier	  
mentioned.	  	  The	  numbers	  are	  reported	  in	  thousands	  of	  acres	  and	  converted	  to	  acres.	  	  	  
PROCEDURE	  
Initially	  irrigated	  cropland	  and	  total	  cropland	  are	  compared	  to	  find	  the	  amount	  of	  non-­‐
irrigated	  cropland	  and	  the	  percentage	  of	  cropland	  irrigated	  for	  2002	  and	  2007.	  	  Change	  in	  
amount	  irrigated	  is	  found	  through	  the	  percentage	  change	  formula:	  (percent	  in	  2007	  –	  percent	  
in	  2002)/(percent	  in	  2002).	  	  Irrigated	  cropland	  includes	  harvested	  land,	  irrigated	  pasture,	  and	  
out-­‐of-­‐commission	  land	  (“2007	  Census”,	  Appendix	  B,	  2009).	  	  	  
	   Crops	  grown	  for	  grain	  in	  Colorado	  are	  corrected	  to	  reflect	  the	  amount	  used	  nationally	  
for	  feed.	  The	  ratio	  of	  feed	  to	  production	  for	  the	  crop	  in	  years	  2002	  and	  2007	  must	  first	  be	  
determined.	  	  This	  is	  unit-­‐less	  and	  represents	  the	  average	  percent	  of	  grain	  used	  for	  feed	  
nationally	  for	  the	  respective	  year.	  	  The	  acres	  grown	  for	  each	  grain	  in	  Colorado,	  for	  irrigated	  and	  
total	  acreage,	  (Table	  26:	  Field	  Crops)	  are	  multiplied	  by	  the	  respective	  feed	  ratio.	  	  Calculations	  
are	  done	  separately	  for	  2002	  and	  2007,	  irrigated	  and	  harvested	  acres,	  for	  each	  county.	  	  The	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final	  product	  is	  assumed,	  in	  this	  study,	  to	  be	  the	  number	  of	  acres	  of	  harvested	  grain	  used	  as	  
feed,	  grown	  in	  Colorado.	  	  	  	  	  	  
The	  acres	  of	  feed	  grown	  is	  determined	  by	  adding	  together	  data	  for	  corn	  silage,	  sorghum	  
silage,	  forage,	  corrected	  values	  of	  corn,	  sorghum,	  barley,	  oats,	  and	  wheat	  for	  grain,	  and	  
pastureland	  in	  acres	  for	  each	  county	  and	  by	  year.	  	  The	  acres	  of	  food	  equals	  the	  acres	  of	  feed	  
subtracted	  from	  the	  total	  harvested	  acres.	  	  Irrigated	  feed	  acreage	  is	  determined	  through	  the	  
same	  calculation,	  but	  irrigated	  pastureland	  is	  not	  included	  in	  the	  feed	  component	  because	  this	  
land	  is	  not	  included	  in	  harvested	  irrigated	  acres.	  	  This	  process	  is	  completed	  for	  each	  county	  for	  
2002	  and	  2007;	  the	  average	  of	  all	  ten	  counties	  are	  calculated	  as	  well	  per	  year	  and	  a	  single	  
average	  for	  both	  years	  was	  also	  found.	  	  
	   The	  percent	  of	  irrigated	  cropland	  growing	  food	  or	  feed	  is	  found	  by	  dividing	  irrigated	  
acres	  of	  food	  grown,	  or	  feed	  grown	  respectively,	  by	  total	  irrigated	  acres	  for	  all	  counties	  and	  
years.	  	  In	  each	  calculation	  the	  average	  of	  the	  ten	  counties	  for	  each	  year,	  and	  a	  total	  average	  
over	  both	  years	  is	  determined	  along	  with	  a	  standard	  deviation	  and	  standard	  error.	  	  
	   Differences	  acreage	  from	  2002	  to	  2007	  are	  shown	  using	  percent	  change	  formulas.	  	  With	  
this	  formula	  ((2007-­‐2002)/2002)	  values	  for	  total	  harvested	  acres,	  total	  harvested	  irrigated	  acres,	  
and	  irrigated	  acres	  of	  food	  and	  feed	  are	  determined.	  	  Results	  are	  in	  decimals,	  converted	  into	  
percent	  for	  comparison	  ease.	  	  Averages	  of	  the	  ten	  counties	  are	  calculated	  as	  well.	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Irrigation	  systems	  are	  determined	  using	  the	  average	  of	  the	  ten	  counties	  for	  sprinkler,	  
micro-­‐,	  and	  surface	  irrigation	  in	  acres,	  assuming	  all	  three	  represent	  entire	  irrigation	  usage.	  	  The	  
irrigation	  type	  employed	  is	  evaluated	  across	  counties	  and	  on	  an	  average	  basis	  to	  determine	  the	  
most	  commonly	  used	  method.	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  “We	  forget	  that	  the	  water	  cycle	  and	  the	  life	  cycle	  are	  one”	  
Jacques	  Yves	  Cousteau	  
RESULTS	  
It	  is	  the	  intention	  of	  this	  paper	  to	  demonstrate	  the	  inefficiency	  with	  which	  water	  is	  used	  
in	  agriculture.	  	  More	  specifically,	  the	  amount	  of	  water	  allocated	  to	  agriculture	  is	  extremely	  large	  
when	  the	  yield	  produced	  in	  terms	  of	  food	  for	  humans	  is	  considered.	  	  Water	  consumption	  in	  
agriculture	  is	  further	  exemplified	  when	  compared	  to	  the	  water	  usage	  of	  other	  sectors,	  such	  as	  
industrial	  and	  municipal,	  which	  consume	  only	  approximately	  15%	  of	  total	  freshwater	  
withdrawals	  (Rosegrant	  et	  al	  2002,	  6).	  	  This	  paper	  further	  aims	  to	  expose	  the	  instabilities	  of	  
irrigated	  agricultural	  systems	  with	  regard	  to	  water	  supplies,	  insofar	  that	  continued	  limitation	  of	  
water	  or	  abrupt	  removal	  of	  water	  hinders	  yield	  produced	  (Reilly	  et	  al	  2003,	  44).	  	  	  
This	  study	  relied	  on	  the	  evaluation	  of	  crops	  intended	  as	  livestock	  feed	  (feed)	  or	  human	  
food	  (food)	  to	  illustrate	  the	  inefficiency	  of	  water	  usage	  through	  the	  over-­‐	  and	  incorrect	  
allocation	  of	  water	  in	  agriculture.	  	  Irrigation	  was	  understood	  to	  be	  the	  main	  use	  of	  water	  in	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agriculture,	  and	  so	  was	  analyzed	  in	  terms	  of	  food	  or	  feed	  production	  as	  well	  (Grassini	  et	  al.	  
2011,	  133).	  	  Inefficiency	  in	  irrigation	  is	  similarly	  illustrated	  by	  assessments	  of	  reported	  irrigated	  
systems,	  collected	  from	  the	  USGS.	  	  	  
For	  reported	  numbers,	  averages	  and	  individual	  values	  for	  2002	  and	  2007	  years	  were	  
collected	  and	  calculated,	  along	  with	  the	  standard	  deviation	  and	  standard	  error	  of	  the	  mean	  for	  
each	  variable.	  	  It	  is	  assumed	  95%	  of	  the	  counties	  in	  Colorado	  will	  fall	  within	  two	  standard	  
deviations	  for	  each	  variable;	  while	  the	  standard	  error	  of	  the	  mean	  represents	  the	  average	  
amount	  each	  county	  from	  those	  sampled	  (and	  those	  with	  similar	  agricultural	  profiles)	  will	  vary	  
from	  the	  mean.	  	  Following	  are	  reports	  of	  the	  calculations	  and	  significant	  collected	  numbers.	  	  
For	  all	  results	  see	  Appendix	  B.	  	  	  
CROPLAND	  USAGE	  
	  
	   	   Total	  cropland	  encompassed	  590,488	  acres	  averaged	  between	  the	  top	  ten	  economically	  
productive	  counties	  in	  Colorado	  over	  2002	  and	  2007.	  	  In	  2002,	  of	  the	  total	  cropland,	  21%	  was	  
irrigated,	  harvested	  cropland;	  1%	  was	  irrigated	  pastureland;	  and	  24%	  was	  non-­‐irrigated	  	  
19%	   1%	  
33%	  
47%	  
2007	  
Irrigated	  Harvested	  cropland	  (acres)	  Ir.	  Pastureland	  (acres)	  	  Unirrigated	  Harvested	  Cropland	  (acres)	  Other	  Cropland	  (acres)	  
21%	   1%	  
24%	  54%	  
2002	  
FIGURE	  4.	  CROPLAND	  DESIGNATION	  FOR	  2002	  AND	  2007.	  FOR	  SOURCE	  DATA	  SEE	  APPENDIX	  B.	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harvested	  cropland.	  	  In	  2007,	  19%	  was	  irrigated,	  harvested,	  1%	  was	  irrigated	  pastureland,	  and	  
24%	  was	  non-­‐irrigated,	  harvested	  cropland.	  	  The	  remaining	  54%	  and	  47%	  in	  2002	  and	  2007	  
respectively	  was	  not	  accounted	  for,	  accounted	  in	  the	  Census	  as	  “other	  cropland”.	  	  This	  includes	  
cropland	  that	  remained	  unplanted	  because	  it	  was	  included	  in	  federal	  conservation	  programs,	  
used	  for	  soil	  improvement	  or	  crop	  cover,	  not	  harvested	  in	  2007	  but	  was	  harvested	  in	  2008	  or	  
later,	  was	  “skipped”	  in	  planted	  rows	  of	  cropland,	  or	  the	  activity	  of	  the	  land	  was	  not	  reported	  by	  
farmers	  (“2007	  Census”	  2009,	  B-­‐7,17).	  	  	  
	   Land	  application	  in	  terms	  of	  crop	  yield	  purpose	  was	  also	  computed.	  	  Total	  feed	  was	  
calculated	  and	  then	  subtracted	  from	  the	  total	  harvested	  acres	  to	  determine	  acres	  of	  total	  food.	  	  
Assumed	  to	  account	  for	  the	  entirety	  of	  harvested	  crops,	  feed	  and	  food	  equate	  to	  100	  percent	  
of	  harvested	  land	  in	  this	  study.	  	  	  
TABLE	  2.	  CROP	  USAGE	  DATA	  SUMMARY.	  	  AVERAGES	  REFER	  TO	  DATA	  FROM	  THE	  TOP	  TEN	  COUNTIES.	  	  FOR	  COMPLETE	  DATA	  SEE	  
APPENDIX	  B.	  
TABLE	  3.	  FEED	  AND	  FOOD	  DATA	  SUMMARY.	  	  AVERAGE	  REFERS	  TO	  DATA	  FROM	  THE	  TOP	  TEN	  COUNTIES.	  	  FOR	  COMPLETE	  DATA	  
SEE	  APPENDIX	  B.	  
50	  
	  
For	  example,	  in	  2002	  total	  feed	  acreage	  was	  102,345	  acres	  (a	  summation	  of	  total	  
harvested	  acres	  of	  corn	  and	  sorghum	  for	  silage,	  forage,	  and	  corrected	  acres	  of	  barley,	  oats,	  corn,	  
sorghum,	  and	  wheat	  for	  grain)	  and	  total	  harvested	  cropland	  was	  262,125	  acres.	  	  Total	  food	  
acreage	  was	  the	  difference:	  262,125	  –	  102,345	  =	  159780	  acres.	  	  For	  other	  specific	  numbers	  and	  
numbers	  involving	  feed	  conversion	  see	  Appendix	  B,	  Tables	  1,	  2,	  and	  4.	  In	  2002,	  61%	  of	  
harvested	  acres	  cultivated	  crops	  intended	  for	  food,	  where	  as	  the	  remaining	  39%	  was	  intended	  
for	  livestock	  feed.	  	  Similarly,	  food	  acreage	  was	  67%	  and	  feed	  acreage	  was	  33%	  in	  2007.	  	  	  
Total	  Feed	  	  33%	  Total	  Food	  	  67%	  
2007	  
Total	  Feed	  	  39%	  Total	  Food	  	  61%	  
2002	  
FIGURE	  5.	  HARVESTED	  CROPLAND	  USE	  IN	  TERMS	  OF	  FEED	  OR	  FOOD.	  SOURCE	  DATA	  LOCATED	  IN	  APPENDIX	  B.	  
Feed	  and	  Food	  Calculations	  
Total	  feed	  =	  corn	  s.	  +	  sorghum	  s.	  +	  corn	  g	  +	  sorghum	  g.	  +	  oats	  g.	  +	  wheat	  g.	  +	  barley	  g.	  +	  forage	  +	  IR	  
	   	   pastureland*	  
Total	  Food	  =	  Total	  harvested	  –	  (Total	  feed	  –	  IR	  pastureland*)	  
s.	  =	  silage;	  g	  =	  grain	  corrected;	  IR	  =	  irrigated.	  	  
*IR	  Pastureland	  only	  included	  for	  IR	  calculations	  	  
All	  measurements	  in	  acres	  
EQUATION	  1.	  FEED	  AND	  FOOD	  CALCULATIONS.	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CROP	  IRRIGATION	  
	   The	  purpose	  of	  crops	  grown	  on	  irrigated	  land	  –	  feed	  or	  food	  –	  is	  identified	  further	  from	  
irrigated	  acres.	  	  Within	  irrigated	  acres,	  irrigated	  pasturelands	  encompassed	  6,007	  acres	  on	  
average	  between	  the	  top	  ten	  counties	  analyzed	  –	  equivalent	  to	  5%	  of	  total	  irrigated	  acres.	  	  
Irrigated	  pastureland	  is	  included	  in	  irrigated	  feed	  acreage	  for	  the	  following	  calculations.	  	  
Irrigated	  land	  growing	  feed	  was	  determined	  identically	  to	  the	  method	  described	  above	  and	  
then	  subtracted	  from	  total	  harvested	  irrigated	  acreage	  to	  determine	  irrigated	  food	  acreage.	  	  
Pastureland	  was	  included	  in	  the	  irrigated	  feed	  acreage,	  but	  only	  when	  compared	  to	  irrigated	  
food.	  	  As	  previously	  mentioned,	  it	  was	  not	  included	  in	  the	  calculation	  of	  irrigated	  food	  because	  
pastureland	  was	  not	  included	  in	  the	  irrigated	  harvested	  land.	  	  For	  example,	  in	  2002	  irrigated	  
feed	  acres	  equaled	  an	  average	  of	  83,264	  acres	  with	  pastureland	  and	  76,914	  acres	  without	  
pastureland.	  	  76,914	  is	  subtracted	  from	  the	  total	  harvested	  irrigated	  acreage,	  120,629	  acres,	  
equaling	  the	  assumed	  irrigated	  acres	  of	  food	  (120,629	  –	  76,914	  =	  43715),	  43,715	  acres.	  	  For	  all	  
numbers	  and	  calculations	  of	  irrigated	  acres	  reference	  Appendix	  B,	  Tables	  1,	  3,	  and	  4.	  	  	  
66%	  
34%	  
2002	  
60%	  
40%	  
2007	  
FIGURE	  6.	  DESIGNATION	  OF	  HARVESTED	  IRRIGATED	  ACRES	  FOR	  2002	  AND	  2007.	  	  PASTURELAND	  IS	  INCLUDED	  IN	  
FEED.	  	  FOR	  SOURCE	  DATA	  SEE	  APPENDIX	  B.	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In	  2002,	  34%	  of	  irrigated	  land	  grew	  food	  crops,	  while	  the	  remaining	  66%	  of	  acres	  grew	  
crops	  intended	  for	  feed.	  	  Meanwhile	  in	  2007,	  40%	  of	  acres	  irrigated	  grew	  crops	  used	  as	  food,	  
compared	  to	  60%	  of	  acres	  harvested	  for	  feed.	  	  	  
	   Out	  of	  the	  grains	  grown,	  the	  percentages	  intended	  for	  food	  and	  feed	  were	  identified	  in	  
both	  years	  for	  irrigated	  and	  total	  harvested	  cropland.	  	  On	  irrigated	  land	  55%	  of	  harvested	  grain	  
acreage	  was	  intended	  for	  feed	  in	  2002,	  while	  37%	  of	  acres	  were	  harvested	  for	  feed	  in	  2007.	  	  In	  
considering	  total	  harvested	  acreage,	  77%	  of	  acres	  were	  harvested	  for	  food	  and	  23%	  were	  
harvested	  for	  food	  on	  average	  between	  2002	  and	  2007.	  	  	  
IRRIGATION	  SYSTEMS	  
	   As	  previously	  discussed,	  drip	  irrigation	  is	  significantly	  more	  efficient	  than	  other	  irrigation	  
systems,	  especially	  when	  compared	  to	  gravity	  driven	  systems	  such	  as	  flood	  irrigation	  (Grassini	  
et	  al.	  2011,	  133).	  	  In	  2005	  two	  primary	  types	  of	  irrigation	  were	  used	  within	  the	  top	  ten	  counties:	  
surface	  or	  flood	  and	  sprinkler	  system	  irrigation.	  	  Drip	  irrigation	  was	  more	  or	  less	  not	  used.	  	  66%	  
of	  irrigation	  was	  done	  with	  sprinkler	  systems,	  while	  34%	  of	  irrigation	  was	  flood	  irrigation.	  	  
Microirrigation	  was	  used	  to	  
irrigate	  16	  acres	  in	  Prowers	  
County,	  but	  this	  amount	  is	  
negligible	  in	  comparison	  to	  the	  
overall	  irrigated	  land.	  	  An	  
average	  of	  114,774	  acres	  of	  
land	  were	  irrigated	  according	  
Sprinkler	  Irrigation	  (acres)	  66%	  Microirrigation	  (acres)	  0%	  
Surface	  (^lood)	  Irrigation	  (acres)	  34%	  
FIGURE	  7.	  IRRIGATION	  SYSTEM	  USAGE	  ON	  AVERAGE	  IN	  COLORADO	  
AGRICULTURE.	  FOR	  SOURCE	  DATA	  REFERENCE	  APPENDIX	  B.	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to	  USGS	  data,	  which	  is	  reasonable	  in	  comparison	  to	  USDA	  census	  data	  reporting	  a	  mean	  
irrigated	  land	  of	  126,979	  acres	  in	  2002	  and	  118,843	  acres	  in	  2007.	  	  	  
DIFFERENCES	  IN	  2002	  AND	  2007	  
	   The	  fragility	  of	  agriculture	  in	  Colorado	  was	  analyzed	  between	  years,	  comparing	  2002,	  a	  
year	  of	  extreme	  drought,	  to	  2007,	  the	  control	  year	  (Pielke	  et	  al	  2004,	  2).	  	  In	  this	  paper,	  due	  to	  
the	  inherent	  restricted	  nature	  of	  the	  project	  as	  previously	  discussed,	  the	  neglected	  collection	  of	  
yield	  from	  irrigated	  land	  for	  some	  crops,	  the	  ignored	  collection	  of	  any	  yield	  for	  other	  crops,	  and	  
unobtainable	  unit	  conversions	  for	  yields	  since	  they	  are	  reported	  with	  various	  units	  including	  
bushels,	  numbers,	  or	  dollars,	  reported	  yield	  was	  not	  calculated	  for	  each	  crop.	  	  Instead	  acreage	  
is	  considered	  analogous	  to	  yield;	  that	  is,	  an	  increase	  in	  acres	  harvested	  translates	  to	  an	  increase	  
in	  crop	  yield.	  	  Moreover,	  trends	  were	  expected	  to	  increase	  between	  2002,	  the	  year	  of	  drought,	  
and	  2007,	  the	  control	  year.	  	  	  
	   Within	  the	  restriction	  of	  these	  two	  years	  only	  minimal	  changes	  were	  observed	  in	  
comparisons.	  	  Total	  cropland	  barely	  increased	  in	  the	  control	  year	  of	  2007,	  augmenting	  to	  a	  
mean	  of	  592,686	  acres	  across	  the	  top	  ten	  counties,	  	  Total	  harvested	  cropland	  increased	  19%.	  	  
Total	  irrigated	  acres	  decreased	  6%,	  and	  correspondingly	  harvested	  irrigated	  acres	  decreased	  
10%.	  	  The	  percentage	  of	  irrigated	  land	  used	  for	  growing	  food	  or	  feed	  varied	  as	  well,	  with	  an	  8%	  
increase	  in	  acres	  of	  food	  and	  almost	  20%	  decrease	  in	  acres	  of	  feed.	  	  Acres	  growing	  grain	  for	  
food	  increased	  33%	  on	  irrigated	  land	  and	  34%	  on	  all	  harvested	  land.	  	  While	  negligible	  changes	  
were	  observed	  in	  total	  acres	  of	  grain	  harvested	  on	  irrigated	  land,	  the	  total	  harvested	  acres	  of	  
grain	  	  36%	  increase,	  meaning	  in	  the	  control	  year	  of	  2007,	  the	  percentage	  of	  total	  acres	  growing	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grain	  decreased	  and	  the	  percentage	  of	  grain	  acreage	  used	  for	  feed	  decreased	  even	  more	  
relative	  to	  the	  amount	  of	  grain	  acres.	  	  
	   	  
Total	  Cropland	  (acres)	   Unirrigated	  Cropland	  (acres)	   Irrigated	  land	  (acres)	  	   Total	  harvested	  cropland	  	  
Non-­‐irrigated	  Harvested	  Cropland	  	  
Irrigated	  Harvested	  cropland	  	  2002	   588,291	   461,312	   126,979	   262,124.70	   141,496	   120,629	  2007	   592,686	   473,743	   118,943	   309,713.20	   196,434	   113,279	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FIGURE	  8.	  AVERAGE	  CROPLAND	  USEAGE	  COMPARED	  BETWEEN	  2002	  (DROUGHT	  YEAR)	  AND	  2007	  (CONTROL	  YEAR).	  
FOR	  SOURCE	  DATA	  SEE	  APPENDIX	  B.	  	  	  
Total	  Food	  	   Total	  Feed	  	   Total	  Irrigated	  Food	  	   Total	  irrigated	  Feed	  	  2002	   159,780	   102,345	   43,715	   76,914	  2007	   208,705	   101,008	   47,811	   65,469	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FIGURE	  9.	  	  AVERAGE	  FEED	  AND	  FOOD	  SUMMARY	  COMPARED	  BETWEEN	  2002	  AND	  2007.	  FOR	  SOURCE	  DATA	  SEE	  
APPENDIX	  B.	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  “The	  ability	  to	  breathe	  the	  air	  and	  drink	  the	  water	  will	  be	  what	  the	  wars	  
will	  be	  about	  from	  here	  on	  in.	  	  And	  it’s	  coming	  with	  alarming	  rapidity”	  
William	  Shatner	  
DISCUSSION	  	  
Agricultural	  records	  of	  total	  cropland,	  irrigated	  land,	  and	  an	  itemization	  of	  acres	  growing	  
feed	  and	  food	  crops	  was	  reported	  and	  analyzed	  to	  evaluate	  the	  efficiency	  with	  which	  water	  is	  
used	  in	  agriculture	  in	  Colorado.	  	  Efficiency	  was	  evaluated	  in	  terms	  of	  water	  allocation,	  using	  the	  
differentiation	  between	  acres	  of	  crops	  used	  for	  human	  food	  or	  livestock	  feed,	  to	  assess	  the	  
productivity	  of	  agriculture	  with	  respect	  to	  producing	  food	  for	  humans.	  	  Specific	  analysis	  of	  
irrigated	  acreage	  was	  used	  to	  further	  determine	  water	  efficiency	  with	  regard	  to	  yield	  of	  human	  
food,	  since	  irrigation	  is	  the	  main	  source	  of	  water	  allocation	  within	  agriculture	  (Grassini	  et	  al.	  
2011,	  133).	  	  The	  resilience	  of	  the	  agriculture	  system	  in	  Colorado	  is	  also	  discussed	  as	  it	  relates	  to	  
productivity	  and	  water	  consumption	  (Frisvold	  et	  al	  2012,	  1).	  	  Comparisons	  of	  yield	  in	  terms	  of	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acres	  were	  made	  between	  2002	  and	  2007,	  although	  observed	  changes	  due	  to	  drought	  
conditions	  within	  just	  these	  two	  years	  are	  minimal.	  	  	  
WATER	  USE	  EFFICIENCY	  
Over-­‐allocation	  of	  water	  to	  agriculture	  was	  found	  in	  Colorado,	  illustrated	  with	  the	  
comparatively	  vast	  amount	  of	  irrigated	  acres	  of	  feed	  as	  opposed	  to	  acres	  growing	  food.	  	  In	  2002	  
and	  2007	  Colorado	  produced	  the	  majority	  of	  food	  on	  non-­‐irrigated	  croplands,	  75%,	  while	  the	  
majority	  of	  feed	  (including	  pasturelands)	  was	  cultivated	  on	  irrigated	  land,	  76%.	  	  Interestingly,	  
an	  average	  of	  36%	  of	  total	  land	  acreage	  was	  allocated	  to	  feed,	  but	  the	  water	  allocated	  for	  feed	  
crops	  was	  over	  63%.	  	  In	  this	  study,	  agriculture	  is	  understood	  as	  a	  means	  to	  produce	  food	  for	  
humans,	  ideally	  accomplished	  efficiently	  in	  terms	  of	  water	  use.	  	  The	  largest–	  really	  the	  only	  –	  
source	  of	  water	  consumption	  in	  agriculture	  is	  irrigation	  (Haddeland	  et	  al.	  2006,	  210;	  Grassini	  et	  
al.	  2011,	  133).	  	  Thus,	  the	  irrigation	  of	  acres	  growing	  feed	  for	  livestock	  is	  inefficient	  as	  far	  as	  
water	  consumption	  is	  concerned;	  additionally	  exacerbated	  by	  the	  increased	  water	  demand	  
created	  in	  maintaining	  livestock	  and	  producing	  animal	  products	  sustained	  by	  this	  feed	  
(Hoekstra	  et	  al	  2007,	  40).	  	  	  
The	  irrigation	  of	  crops	  grown	  for	  feed	  is	  inefficient,	  especially	  when	  the	  same	  crops	  
(such	  as	  grains)	  are	  grown	  without	  irrigation	  and	  used	  for	  human	  food	  (Haddeland	  et	  al.	  2006,	  
210).	  	  Since	  the	  majority	  of	  irrigated	  acres	  are	  designated	  for	  feed	  growth,	  one	  can	  assume	  the	  
production	  of	  food	  crops	  could	  continue	  with	  less	  irrigation	  than	  currently	  used.	  	  Thus,	  the	  
water	  allocated	  to	  growing	  feed	  crops	  through	  irrigation	  could	  be	  reduced,	  lessening	  the	  
demand	  for	  water	  by	  agriculture,	  subsequently	  increasing	  water	  efficiency.	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   Alterations	  in	  crop	  usage	  could	  also	  increase	  efficiency,	  not	  through	  the	  decrease	  in	  
water	  use,	  but	  through	  the	  increase	  in	  productivity	  in	  terms	  of	  human	  food	  yield.	  	  Designating	  
more	  irrigated	  acres	  to	  crops	  grown	  for	  human	  food	  by	  replacing	  irrigated	  acres	  growing	  
livestock	  feed,	  the	  productivity	  in	  terms	  of	  human	  food	  yield	  of	  agriculture	  would	  greatly	  
increase.	  	  Thenceforth,	  the	  allocation	  of	  water	  would	  be	  better	  equated	  to	  the	  output	  level	  
insofar	  that	  efficiency	  of	  water	  use	  would	  be	  accomplished.	  	  Meanwhile,	  previously	  irrigated	  
livestock	  feed	  could	  be	  supplemented	  with	  grazing	  in	  non-­‐irrigated	  pastures	  and	  other	  natural	  
sources	  of	  forage,	  such	  as	  feeding	  on	  land	  unsuitable	  from	  crop	  cultivation.	  	  	  
In	  a	  study	  by	  Gerbens-­‐Leenes	  et	  al	  similar	  conclusions	  were	  drawn:	  “cows	  using	  
marginal	  land	  which	  is	  unsuitable	  for	  producing	  crops	  for	  human	  consumption	  can	  be	  
considered	  efficient,	  whereas	  cows	  or	  other	  animals	  eating	  from	  land	  that	  could	  also	  produce	  
crops	  for	  direct	  human	  consumption	  is	  less	  efficient”	  (Gerbens-­‐Leenes	  et	  al.	  2011,	  23).	  	  They	  
proposed	  the	  use	  of	  rain	  to	  grow	  feed	  instead	  and	  later	  determined	  this	  to	  be	  more	  water	  
efficient	  compared	  to	  feed	  produced	  using	  irrigated	  water	  (Gerbens-­‐Leenes	  et	  al.	  2011,	  23).	  	  	  
IRRIGATION	  SYSTEM	  EFFICIENCY	  
	   Irrigation	  systems	  are	  another	  source	  of	  water	  inefficiency	  in	  Colorado	  agriculture	  
(Grassini	  et	  al.	  2011,	  133).	  	  Sprinkler	  systems	  were	  on	  average	  over	  the	  ten	  counties	  more	  often	  
used	  than	  flood	  irrigation	  systems,	  which	  is	  adequate	  with	  respect	  to	  water	  efficiency.	  	  A	  
significant	  amount	  of	  acres	  were	  still	  irrigated	  with	  surface	  irrigation,	  however,	  which,	  driven	  by	  
gravity,	  is	  relatively	  unspecific	  and	  generates	  large	  amounts	  of	  surface	  runoff	  (Beckett	  et	  al.	  
1993,	  825).	  	  Increased	  control	  of	  water	  created	  through	  more	  advance	  irrigation	  systems,	  such	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as	  pivot	  and	  drip	  irrigation	  systems,	  helps	  in	  mitigating	  the	  high	  water	  demand	  of	  agriculture	  
(Grassini	  et	  al.	  2011,	  136).	  	  Thus	  the	  upgrading	  of	  current	  irrigation	  systems	  to	  those	  of	  more	  
advanced	  technology,	  offering	  better	  specificity	  with	  which	  water	  is	  applied,	  could	  greatly	  
decrease	  the	  water	  required	  by	  irrigation.	  	  	  
Decreasing	  water	  required	  for	  irrigation	  through	  improving	  the	  accuracy	  of	  crop	  
watering,	  would	  increase	  agricultural	  productivity	  in	  terms	  of	  yield	  to	  water	  demand	  ratios;	  
ultimately	  reducing	  the	  water	  allocated	  to	  agriculture	  and,	  in	  short,	  improving	  efficiency	  with	  
which	  water	  is	  used.	  	  Furthermore,	  improving	  irrigation	  techniques	  would	  better	  the	  agriculture	  
system	  by	  making	  it	  more	  productive,	  and	  thus	  more	  resilient	  against	  water	  limitations	  and	  
sustained	  changes	  in	  climate.	  	  	  
	   Grassini	  et	  al	  similarly	  found	  the	  improvement	  in	  water	  efficiency	  through	  better	  
irrigation	  practices,	  in	  their	  study	  of	  maize	  in	  the	  US	  Corn	  Belt.	  	  They	  found	  the	  conversion	  of	  
surface	  to	  pivot	  irrigation	  conserved	  47	  million	  cubic	  meters	  per	  year	  of	  water	  and	  additional	  
reductions	  of	  25	  million	  cubic	  meters	  through	  improved	  timing	  of	  irrigation,	  varying	  based	  on	  
crop	  requirements	  (Grassini	  et	  al.	  2011,	  136).	  	  	  Oweis	  further	  validates	  this	  claim,	  proposing	  
“increased	  effective	  use	  [of	  applied	  water]	  through	  improved	  water	  management”	  as	  a	  method	  
to	  enhance	  agricultural	  water	  productivity	  (Oweis	  2012,	  41).	  	  	  
AGRICULTURE	  SYSTEM	  RESILIENCE	  	  
	   Heavily	  reliant	  on	  irrigation,	  traditional	  farming	  practices	  in	  the	  US	  are	  greatly	  affected	  
by	  drought;	  often	  water	  shortages	  result	  in	  crop	  yield	  reductions	  (Pielke	  et	  al	  2004,	  3).	  	  Here,	  
the	  fragility	  of	  agriculture	  is	  attributed	  to	  the	  large	  water	  demand	  required	  for	  cultivation,	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related	  to	  inefficiencies	  of	  water	  use.	  	  Allocated	  a	  large	  portion	  of	  water	  compared	  to	  other	  
sectors,	  such	  as	  industry	  and	  municipal,	  agriculture	  is	  inherently	  inefficient	  in	  water	  use	  
because	  the	  amount	  of	  water	  used	  is	  not	  compensated	  by	  the	  yield	  produced	  by	  way	  of	  human	  
food	  (Rosegrant	  et	  al	  2002,	  6).	  	  This	  is	  mainly	  due	  to	  the	  high	  use	  of	  water,	  not	  the	  
unproductivity	  of	  agriculture	  (Oweis	  2012,	  41).	  	  With	  such	  a	  high	  dependency	  on	  a	  large	  water	  
supply	  that	  is	  inefficiently	  used	  to	  yield	  a	  comparatively	  minimal	  amount	  of	  food,	  current	  
agriculture	  systems	  are	  relatively	  brittle;	  that	  is,	  they	  are	  not	  resilient	  when	  confronted	  with	  
water	  limitations	  (Schuck	  et	  al	  2005,	  651).	  	  	  
	   This	  study	  aimed	  to	  highlight	  changes	  due	  to	  drought	  through	  comparing	  the	  drought	  
year	  of	  2002	  to	  the	  control	  year	  of	  2007	  in	  terms	  of	  acres	  planted,	  land	  usage	  and	  irrigation.	  	  
Limited	  in	  time	  and	  resources,	  this	  comparison	  was	  rather	  restricted,	  producing	  minimal	  
changes	  between	  the	  two	  selected	  years.	  	  (Specific	  mean	  comparisons	  can	  be	  found	  in	  Figure	  7,	  
located	  in	  the	  Results	  section3	  below.)	  	  Most	  notable	  observations	  include,	  the	  increase	  of	  
acres	  growing	  total	  food	  relative	  to	  the	  acres	  growing	  total	  feed.	  	  Also	  acres	  of	  irrigated	  food	  
increased	  while	  acres	  of	  irrigated	  feed	  decreased,	  although	  the	  later	  still	  remained	  the	  majority	  
of	  irrigated	  acres	  in	  Colorado.	  	  	  
Regardless	  of	  this	  study’s	  comparison	  results,	  the	  reliance	  of	  agricultural	  yield	  on	  water	  
and	  the	  fragility	  this	  dependence	  necessitates	  is	  strongly	  supported	  by	  current	  literature.	  	  Large	  
economic	  losses	  occurred	  resulting	  from	  decreased	  yield	  due	  to	  the	  2002	  drought,	  with	  winter	  
wheat	  production	  falling	  almost	  60%	  (Schuck	  et	  al	  2005,	  652).	  	  The	  minimal	  change	  in	  
productivity	  found	  between	  2002	  and	  2007	  in	  this	  study,	  is	  here	  attributed	  to	  the	  data	  surveyed.	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As	  previously	  mentioned,	  crop	  yield	  was	  inconsistently	  reported	  and	  recorded	  in	  incomparable	  
units,	  so	  crop	  acreage	  was	  used	  for	  comparisons.	  	  It	  is	  hypothesized	  the	  observed	  minimal	  
changes	  in	  crop	  acreage	  occurred	  because	  farmers	  did	  not	  anticipate	  a	  drought	  so	  crop	  
cultivation	  continued	  as	  it	  would	  in	  a	  normal	  year.	  	  Otherwise,	  in	  expecting	  a	  drought,	  farmers	  
attempted	  to	  plant	  the	  total	  amount	  of	  cropland	  available	  to	  compensate	  for	  relatively	  
unproductive	  land,	  in	  terms	  of	  yield.	  	  Either	  way,	  the	  reductions	  in	  yield	  supported	  throughout	  
the	  literature	  were	  not	  observed	  in	  this	  study	  because	  the	  acres	  of	  cropland	  remained	  the	  same	  
despite	  changes	  in	  yield	  crop	  yield.	  	  	  
Agricultural	  system	  resilience	  can	  be	  increased	  through	  improvement	  of	  productivity,	  
reducing	  water	  required	  to	  produce	  human	  food.	  	  Water	  efficiency	  can	  be	  increased	  with	  
advancements	  in	  irrigation	  techniques	  including	  systems	  and	  practices,	  such	  as	  timing	  of	  
irrigation	  (Schuck	  et	  al	  2005,	  661).	  	  Focusing	  water	  application	  of	  crops	  intended	  for	  human	  
food	  will	  also	  further	  improve	  water	  efficiency	  through	  productivity.	  	  Increasing	  water	  efficiency	  
in	  agriculture	  will	  decreased	  water	  demand	  and	  thus	  the	  water	  allocated	  to	  agriculture.	  	  In	  
climactic	  conditions	  of	  sustained	  drought,	  efficient	  use	  of	  water	  will	  help	  to	  mitigate	  stress	  
induced	  by	  water	  limitations	  and	  shortages.	  	  Schuck	  et	  al	  concludes	  similar	  means	  to	  bettering	  
water	  efficiency,	  proposing	  improved	  methods	  of	  irrigation	  systems	  as	  well	  as	  further	  
development	  in	  human	  food	  crop	  growth	  (Schuck	  et	  al	  2005,	  661).	  	  	  
DATA	  TRIBULATIONS	  	  
While	  data	  used	  for	  this	  study	  is	  collected	  through	  government-­‐approved	  sources	  and	  
can	  thus	  be	  considered	  reasonably	  accurate,	  multiple	  assumptions	  were	  made	  within	  the	  study,	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so	  results	  should	  be	  understood	  as	  rough	  estimates	  for	  actual	  quantities.	  	  Essentially	  much	  of	  
the	  data	  necessary	  for	  completing	  this	  project	  is	  not	  readily	  accessible,	  posing	  one	  of	  the	  main	  
challenges	  of	  this	  study.	  	  A	  large	  amount	  of	  the	  data,	  such	  as	  the	  use	  of	  crops	  for	  feed	  or	  food,	  
is	  simply	  not	  collected.	  	  	  Other	  data	  is	  available	  nationally	  but	  either	  more	  detailed	  collections	  
are	  not	  made	  or	  those	  records	  are	  not	  released	  for	  public	  examination.	  	  Either	  way,	  this	  
accessible	  data	  lacked	  specificity,	  making	  a	  county-­‐level	  analysis	  of	  agricultural	  systems	  an	  
extremely	  difficult	  objective.	  	  The	  data	  is	  mainly	  stored	  in	  the	  National	  Agriculture	  Statistics	  
Service	  (NASS)	  database,	  which	  is	  challenging	  to	  navigate,	  with	  variable	  terms	  undefined	  and	  
the	  numerous	  variables	  overwhelming.	  	  
For	  example,	  say	  a	  political	  figure	  is	  attempting	  to	  ascertain	  the	  amount	  of	  acres	  of	  
irrigated	  land	  on	  which	  feed	  crops	  are	  grown,	  by	  county,	  in	  Colorado.	  	  After	  just	  a	  few	  minutes	  
of	  internet-­‐based	  research	  one	  quickly	  finds	  themselves	  at	  the	  USDA,	  NASS	  Quick	  Stats	  
database,	  in	  which	  both	  census	  and	  survey	  data	  is	  stored.	  	  From	  there	  a	  Sector	  must	  be	  selected,	  
“crops”,	  which	  results	  in	  Group	  choices	  of	  “crop	  totals	  and	  field	  crops”	  both	  of	  which	  are	  
applicable,	  but	  only	  one	  can	  be	  selected.	  	  One	  must	  then	  highlight	  specific	  Commodities	  from	  
over	  60	  options	  and	  the	  Status	  in	  the	  right-­‐hand	  corner	  reads	  “Selected	  items	  filter	  to	  
11,163,335	  of	  24,310577”.	  	  The	  process	  continues	  with	  Category,	  Data	  Item,	  Domain	  and	  so	  on	  
until	  finally	  location	  and	  time	  (selections	  for	  which	  are	  usually	  limited	  based	  on	  available	  data)	  
are	  specified	  as	  well.	  	  Often	  selections	  with	  names	  such	  as	  “feed,	  alfalfa	  meal-­‐price	  paid…”	  will	  
be	  found,	  with	  no	  clear	  definition	  of	  an	  alfalfa	  meal,	  (especially	  confusing	  when	  surrounded	  by	  
“alfalfa	  pellets”,	  “alfalfa	  feed”,	  and	  “alfalfa	  crop”).	  	  Without	  a	  navigable	  database,	  the	  collected	  
information	  is	  difficult	  to	  retrieve	  and	  will	  likely	  not	  be	  used,	  so	  it	  becomes	  relatively	  useless.	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While	  this	  information	  is	  necessary	  for	  policy	  makers	  to	  make	  informed	  decisions	  in	  their	  work,	  
it	  is	  unlikely	  they	  will	  retrieve	  these	  records	  without	  easy	  access	  to	  the	  information	  (“USDA	  
QuickStats”,	  2012).	  	  	  
ASSUMPTIONS	  
The	  largest	  assumptions	  were	  made	  to	  determine	  the	  fraction	  of	  harvested	  grains	  
processed	  into	  feed.	  	  The	  proportion	  of	  harvested	  grain	  acres	  or	  bushels	  used	  to	  feed	  livestock	  
is	  not	  documented,	  or	  at	  least	  not	  by	  a	  public	  or	  reputable	  source	  (Jim	  Robb,	  personal	  
communication,	  2013).	  	  As	  detailed	  in	  the	  Methods	  section,	  the	  USDA	  reports	  a	  figure	  for	  
national	  “feed	  and	  residual	  use”	  for	  selected	  grains,	  including	  those	  defined	  as	  “feed	  grains”	  
(corn,	  sorghum,	  barley	  and	  oats)	  along	  with	  wheat,	  rice,	  and	  rye.	  	  This	  category	  is	  not	  directly	  
documented,	  however,	  and	  instead	  is	  the	  grain	  remaining	  after	  other	  documented	  uses	  (energy,	  
seed,	  and	  food)	  are	  for	  accounted,	  as	  previously	  discussed	  (Capehart,	  personal	  communication,	  
2013).	  	  Thus,	  the	  number	  is	  inherently	  a	  rough	  estimate	  since	  there	  is	  great	  room	  for	  error	  
possible	  from	  overlooking	  grain	  used	  in	  any	  other	  sector.	  	  	  
For	  example,	  grain	  in	  transport,	  either	  by	  train	  or	  barge,	  is	  not	  tracked	  or	  recorded	  and	  
thus	  is	  incorrectly	  bundled	  into	  the	  “feed	  and	  residual	  use”	  category.	  	  As	  the	  movement	  of	  
grains	  have	  increased	  due	  to	  a	  larger	  supply	  produced,	  higher	  rate	  of	  use	  to	  fulfill	  energy	  
requirements,	  and	  a	  more	  focused	  area	  of	  production,	  grains	  in	  transport	  account	  for	  a	  larger	  
percentage	  of	  the	  “feed	  and	  residual	  use”	  category	  than	  previously	  (Capehart,	  personal	  
communication,	  2013).	  	  Potential	  for	  this	  inaccuracy	  could	  have	  effected	  years	  between	  2002	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and	  2007,	  causing	  a	  higher	  rate	  of	  feed	  consumption	  than	  actually	  occurred	  in	  2007	  relative	  to	  
2002.	  	  	  	  
Moreover,	  the	  amount	  of	  feed	  and	  residual	  use	  is	  reported	  on	  a	  national	  level	  only.	  	  
Numbers	  representing	  more	  detail	  with	  respect	  to	  location	  of	  origin	  could	  not	  be	  found.	  	  Due	  to	  
lack	  of	  collected	  data,	  in	  this	  study	  the	  national	  ratio	  of	  “feed	  and	  residual	  use”	  to	  grain	  
production	  was	  assumed	  to	  be	  similar	  across	  all	  states,	  so	  was	  used	  to	  correct	  grain	  grown	  in	  
Colorado	  counties	  for	  amount	  fed	  to	  livestock.	  	  As	  previously	  discussed	  in	  detail,	  this	  grain	  ratio	  
was	  the	  acres	  of	  “feed	  and	  residual	  use”	  divided	  by	  the	  total	  harvested	  acres	  on	  a	  national	  level.	  	  
Colorado,	  however,	  being	  a	  large	  livestock	  state,	  likely	  consumes	  comparatively	  more	  of	  the	  
grain	  produced	  in	  the	  state	  as	  feed	  than	  other	  states	  that	  have	  little	  livestock	  enterprise	  (Robb,	  
personal	  communication,	  2013).	  	  	  
Although	  the	  numbers	  are	  undocumented,	  it	  is	  widely	  accepted	  that	  the	  entire	  amount	  
of	  harvested	  corn	  is	  used	  as	  feed	  to	  sustain	  cattle.	  	  As	  specified	  by	  Jim	  Robb	  during	  a	  phone	  
interview,	  harvested	  sorghum	  crop	  is	  imported	  by	  other	  states	  to	  feed	  livestock,	  and	  the	  
majority	  of	  millet	  grown	  is	  converted	  into	  birdseed	  and	  chicken	  feed.	  	  Alfalfa	  is	  also	  used	  
entirely	  as	  feed	  in	  Colorado.	  	  Domestic	  hay,	  while	  partially	  produced	  into	  food	  for	  humans,	  is	  
largely	  used	  for	  feed	  as	  well,	  with	  conversion	  ratios	  (acres	  used	  as	  feed	  divided	  by	  total	  
harvested	  acres)	  of	  an	  estimated	  75%	  (Robb,	  personal	  communication,	  2013).	  	  	  
Under	  these	  assumptions	  the	  production	  of	  irrigated	  feed	  in	  Colorado	  would	  greatly	  
increase.	  	  Corn,	  accounting	  for	  the	  large	  majority	  of	  grain	  crop	  harvested	  in	  Colorado,	  would	  
increase	  irrigated	  acres	  by	  approximately	  38	  and	  55%	  (20,608	  and	  28,623	  acres)	  for	  2002	  and	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2007	  respectively.	  	  Sorghum	  and	  wheat	  would	  increase	  irrigated	  acres	  of	  feed	  as	  well,	  while	  
data	  for	  alfalfa	  and	  millet	  is	  not	  available,	  as	  these	  crops	  are	  unaccounted	  for	  as	  feed	  crops	  in	  
this	  study	  because	  the	  USDA	  does	  not	  report	  the	  necessary	  data,	  such	  as	  the	  acres	  of	  “feed	  and	  
residual	  use”	  for	  these	  crops.	  	  The	  increase	  in	  irrigated	  acres	  of	  feed	  would	  replace	  acres	  of	  
food,	  resulting	  in	  an	  even	  larger	  percentage	  of	  irrigation	  of	  feed	  crops;	  productivity	  of	  
agriculture,	  and	  thus	  water	  efficiency	  in	  terms	  of	  food	  production,	  would	  suffer	  greatly.	  	  If	  grain	  
consumption	  by	  feed	  was	  documented	  on	  a	  smaller	  scale,	  the	  increase	  in	  precision	  would	  allow	  
more	  accurate	  estimates	  of	  the	  amount	  of	  irrigation	  consumed	  by	  feed	  and	  food.	  	  	  
The	  time	  steps	  in	  which	  data	  was	  collected	  presented	  another	  challenge	  in	  this	  county-­‐
level	  critique	  of	  agricultural	  systems	  and	  water	  use.	  	  The	  USDA	  Census	  of	  Agriculture	  gathered	  
all	  crop	  and	  land	  data	  used	  in	  this	  study.	  	  Census	  data	  was	  used	  rather	  than	  USDA	  NASS	  
production	  survey	  data	  because	  census	  data	  is	  available	  on	  a	  county-­‐specific	  level,	  while	  NASS	  
production	  figures	  are	  complied	  on	  a	  national	  level.	  	  Unfortunately,	  the	  census	  is	  collected	  in	  
five-­‐year	  increments	  and	  information	  is	  released	  approximately	  two	  years	  after	  collection,	  so	  
data,	  while	  accurate	  for	  the	  specific	  year,	  is	  not	  necessarily	  applicable	  to	  present	  conditions.	  	  
Nor	  do	  averages	  of	  this	  data	  accurately	  represent	  the	  years	  between	  the	  reported	  years.	  	  
Although	  the	  2002/2007	  comparisons	  were	  noteworthy	  in	  this	  study	  due	  to	  differing	  climactic	  
conditions	  and	  water	  availability,	  current	  trends	  in	  water	  usage	  are	  not	  traceable	  because	  they	  
cannot	  be	  deduced	  or	  assumed	  from	  the	  results	  of	  this	  study	  since	  significant	  changes	  in	  
acreage	  and	  purpose	  are	  possible	  between	  2007	  to	  the	  present.	  	  Changes	  in	  water	  efficiency	  
are	  best	  observed	  with	  current	  data	  and	  problems	  or	  solutions	  immediately	  constructed.	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ECONOMIC	  FACTORS	  
	   Although	  anticipated	  changes	  in	  climate	  are	  projected	  to	  affect	  water	  dispersion	  and	  
subsequently	  availability	  in	  arid	  areas	  such	  as	  Colorado,	  current	  allocations	  of	  water	  are	  driven	  
primarily	  by	  economic	  factors	  (Ward	  et	  al	  2002,	  424).	  	  Water	  is	  now	  understood	  to	  be	  a	  finite	  
resource;	  however,	  the	  historical	  perception	  of	  water	  promoted	  unrestricted	  use,	  as	  the	  cycle	  
was	  considered	  to	  be	  continuous	  and	  self-­‐renewing	  (Willardson	  et	  al	  1994,	  2).	  	  Despite	  changes	  
in	  understanding,	  most	  agricultural	  systems	  function	  using	  traditional	  methods	  and	  practices,	  
including	  specifically	  technologically	  outdated	  or	  inefficient	  irrigation	  systems.	  	  This	  causes	  the	  
over-­‐allocation	  of	  water	  to	  crops,	  without	  high	  levels	  of	  food	  yield	  (Oweis	  et	  al	  2007,	  41).	  	  	  
	   Farmers,	  while	  responsible	  for	  producing	  food	  that	  sustain	  the	  population,	  generally	  are	  
more	  concerned	  with	  the	  income	  generated	  from	  their	  produced	  yield	  as	  they	  are	  often	  reliant	  
on	  this	  income	  for	  economic	  stability.	  	  Water	  is	  currently	  not	  allocated	  based	  on	  economic	  
efficiency	  because,	  considered	  a	  public	  good,	  allocation	  is	  traditionally	  executed	  by	  government	  
affiliated	  or	  regulated	  conventions	  (Dinar	  1997,	  1).	  	  In	  terms	  of	  income,	  the	  more	  yield	  farmers	  
can	  produce,	  the	  higher	  their	  personal	  income.	  	  Since	  water	  is	  not	  economical	  in	  its	  allocation,	  
the	  importance	  of	  water	  is	  not	  registered	  in	  the	  price	  of	  use.	  	  Compared	  to	  other	  expenses	  on	  a	  
farm,	  the	  cost	  of	  water	  is	  relatively	  low,	  so	  water	  efficiency	  is	  only	  a	  minor	  expense	  factoring	  
into	  total	  profit.	  	  Consequently,	  water	  efficiency	  is	  not	  has	  highly	  valued	  on	  a	  farm	  in	  terms	  of	  
expenses	  compared	  to	  other	  factors	  such	  as	  equipment	  and	  labor,	  so	  money	  allotted	  to	  
improving	  water	  efficiency	  is	  minimal.	  	  This	  causes	  overuse	  and	  exploitation	  of	  the	  water	  supply	  
in	  order	  to	  produce	  the	  largest	  yield,	  since	  upgrades	  in	  irrigation	  systems	  are	  not	  often	  a	  high	  
priority.	  	  Furthermore,	  reductions	  in	  water	  for	  feed	  or	  the	  use	  of	  this	  water	  to	  grow	  food	  are	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not	  done	  either	  because	  often,	  in	  current	  economic	  conditions,	  feed	  is	  a	  more	  profitable	  crop	  
than	  food.	  	  To	  generate	  the	  largest	  income	  then,	  farmers	  allocate	  more	  water	  to	  growing	  feed	  
than	  food	  even	  if	  it	  is	  significantly	  less	  water	  efficient	  in	  terms	  of	  producing	  human	  food.	  	  
Disregarding	  the	  actual	  cost	  of	  water	  –	  the	  cost	  generated	  by	  taking	  environmental	  externalities,	  
such	  as	  habitat	  loss	  and	  biodiversity	  reductions,	  into	  account	  –	  water	  inefficiency	  through	  over-­‐
allocation	  to	  crops	  generates	  the	  highest	  income	  for	  agricultural	  system,	  by	  producing	  the	  
largest	  yield	  (Rogers	  et	  al	  2002,	  7).	  	  	  
	   The	  current	  allocation	  of	  water	  in	  terms	  of	  economic	  efficiency	  does	  not	  take	  into	  
account	  variations	  in	  the	  water	  supply.	  	  Water	  shortages,	  such	  as	  those	  caused	  by	  drought,	  are	  
not	  represented	  in	  the	  price	  of	  water	  regardless	  of	  variations	  in	  the	  usable	  supply.	  	  Furthermore,	  
shortages	  in	  supply	  are	  mitigated	  by	  the	  storage	  of	  water,	  insofar	  that	  storages	  are	  allocated	  to	  
supplement	  water	  supply	  during	  years	  of	  shortages.	  	  (Haddeland	  et	  al	  213).	  	  	  
With	  prolonged	  water	  shortages	  caused	  by	  changes	  in	  climate,	  overall	  water	  demand	  
will	  increase	  and	  the	  depletion	  of	  storages	  and	  reservoirs	  is	  likely	  (Wicheins	  et	  al	  117).	  	  
Subsequently	  allocations	  of	  water	  for	  agriculture	  will	  decrease	  to	  more	  readily	  accommodate	  
the	  growing	  water	  demand	  of	  other	  sectors	  (Rogers	  et	  al	  2002,	  3).	  	  Agriculture	  will	  need	  to	  
become	  more	  efficient	  in	  terms	  of	  water	  use,	  consuming	  less	  water	  to	  produce	  more	  human	  
food.	  	  While	  this	  is	  accomplishable	  with	  improvement	  of	  irrigation	  systems	  and	  practices	  and	  
better	  management	  of	  irrigated	  crops	  to	  produce	  food	  rather	  than	  feed,	  pricing	  water	  to	  better	  
reflect	  economic	  efficiency	  will	  create	  incentives	  necessary	  to	  generate	  increases	  in	  water	  
efficiency	  through	  reductions	  in	  agricultural	  water	  allocations	  (Rogers	  et	  al	  2002,	  2).	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“When	  the	  well	  is	  dry,	  they	  know	  the	  worth	  of	  water”	  
Benjamin	  Franklin	  
SUMMARY	  
This	  study	  intended	  to	  evaluate	  the	  efficiency	  with	  which	  water	  is	  used	  in	  Colorado	  
agriculture,	  using	  production	  compared	  to	  allocation	  to	  suggest	  efficiency.	  	  Irrigation,	  the	  
leading	  factor	  of	  water	  demand	  in	  agriculture,	  was	  specifically	  analyzed	  in	  terms	  of	  crop	  
cultivation	  usage,	  to	  indicate	  the	  efficiency	  of	  water	  allocation	  in	  agriculture	  for	  human	  food	  
production	  (Hecox	  et	  al	  2010,	  40).	  Irrigation	  system	  efficiency	  was	  compared	  to	  determine	  the	  
specificity	  with	  which	  irrigated	  water	  is	  applied	  to	  crops.	  	  Lastly,	  the	  resilience	  of	  agriculture	  
systems	  was	  assessed	  in	  terms	  of	  production	  of	  food	  under	  water	  limitations.	  	  Agricultural	  
acreage	  records	  of	  2007,	  the	  control	  year,	  were	  compared	  with	  those	  from	  2002,	  a	  year	  of	  
extreme	  drought,	  to	  determine	  the	  changes	  in	  agriculture	  production	  as	  affected	  by	  water	  
limitations.	  	  	  
	   This	  study	  found	  the	  allocation	  of	  water	  for	  agriculture	  to	  be	  unreasonably	  high	  when	  
compared	  to	  the	  produced	  yield	  of	  human	  food,	  which	  is	  well	  supported	  in	  the	  published	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literature	  previously	  discussed	  and	  referenced	  (Oweis	  2012,	  40).	  	  Results	  and	  observations	  
support	  this	  conclusion	  by	  exemplifying	  the	  disproportionate	  amount	  of	  water	  allocated	  to	  feed	  
growth	  compared	  to	  food	  growth.	  	  With	  the	  goal	  of	  producing	  food	  for	  humans,	  producing	  feed	  
for	  animals	  that	  eventually	  produce	  human	  food	  is	  a	  drastically	  less	  water	  efficient	  method	  
compared	  to	  producing	  human	  food	  through	  the	  crop	  cultivation	  (Hoekstra	  et	  al	  2007,	  40).	  	  	  
While	  only	  minimal	  changes	  in	  acreage	  were	  observed	  between	  2002	  and	  2007,	  the	  
inefficient	  use	  of	  water	  in	  human	  food	  production	  suggests	  limitations	  in	  tolerance	  of	  
agricultural	  systems	  to	  water	  shortages.	  	  As	  the	  literature	  previously	  discussed	  reaffirms,	  the	  
fragileness	  of	  agricultural	  systems	  is	  largely	  due	  to	  a	  heavy	  reliance	  on	  a	  large	  water	  supply,	  
necessary	  to	  compensate	  for	  the	  poor	  allocation	  of	  water	  in	  terms	  of	  human	  food	  production.	  	  
The	  use	  of	  surface	  irrigation	  was	  found	  to	  be	  prevalent	  on	  average	  throughout	  the	  top	  
ten	  Colorado	  counties,	  and	  is	  assumed	  to	  be	  widely	  used	  among	  smaller	  farms	  as	  well	  (Hecox	  et	  
al	  2010,	  39).	  	  Inefficiency	  in	  irrigation	  systems	  and	  practices	  is	  understood	  to	  contribute	  to	  the	  
larger	  problem	  of	  water	  inefficiencies	  in	  agriculture.	  	  	  
IMPLICATIONS	  
The	  consumption	  of	  water	  by	  agriculture,	  allowed	  by	  the	  large	  allocation	  of	  water	  to	  this	  
sector,	  is	  unsustainable,	  especially	  with	  impending	  changes	  in	  water	  availability.	  	  Recently	  
climate	  projection	  models	  indicated	  increasing	  trends	  of	  water	  shortages	  paired	  with	  projected	  
increases	  in	  average	  temperatures	  in	  Colorado,	  which	  is	  expected	  to	  subsequently	  cause	  a	  large	  
increase	  in	  water	  demand	  throughout	  all	  sectors.	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Agriculture	  will	  be	  relied	  upon	  to	  continue	  producing	  food	  for	  humans	  –	  possibly	  at	  
elevated	  levels	  due	  to	  population	  growth	  –	  yet	  with	  less	  water	  then	  used	  currently.	  	  The	  food	  
productivity	  of	  agriculture	  must	  increase.	  	  This	  study	  proposes	  improvements	  in	  the	  efficiency	  
with	  which	  water	  is	  used,	  as	  means	  to	  accomplish	  necessary	  productivity	  increases.	  	  Improved	  
productivity	  can	  be	  achieved	  through	  better	  allocation	  of	  water	  meaning:	  managing	  irrigated	  
crop	  acreage	  to	  produce	  more	  food	  and	  less	  feed;	  more	  specific	  irrigation	  systems	  so	  to	  limit	  
unused	  water	  through	  more	  precise	  application;	  and	  better	  cropland	  use	  to	  cultivate	  crops	  in	  
climates	  conducive	  to	  growth	  without	  supplementary	  irrigation.	  	  Overall,	  the	  allocation	  of	  
water	  toward	  agriculture	  must	  be	  decreased	  to	  accommodate	  water	  limitations,	  accomplished	  
through	  increased	  water	  efficiency.	  	  Improved	  productivity	  and	  decreased	  water	  use	  will	  
improve	  agricultural	  productivity,	  reducing	  the	  agricultural	  demand	  for	  water	  and	  still	  fulfilling	  
the	  agricultural	  goal	  of	  producing	  food	  for	  humans.	  	  	  
The	  collection	  and	  organization	  of	  data	  could	  also	  be	  improved	  from	  its	  current	  
condition.	  	  Presently,	  locating	  and	  obtaining	  accurate,	  consistent,	  and	  specific	  data	  concerning	  
agriculture	  is	  challenging.	  	  With	  policy	  changes	  potentially	  necessary	  in	  the	  upcoming	  future	  to	  
compensate	  for	  changes	  in	  climate	  and	  the	  usable	  water	  supply,	  data	  concerning	  agricultural	  
production	  and	  water	  use	  could	  prove	  increasingly	  important.	  	  Changes	  in	  the	  presentation	  and	  
format	  of	  the	  data	  would	  improve	  the	  accessibility;	  not	  the	  least	  of	  which	  includes	  making	  
definitions	  of	  terms	  easily	  locatable	  when	  accessing	  the	  data	  through	  a	  database	  or	  a	  
spreadsheet.	  	  Increasing	  the	  specificity	  and	  time	  steps	  of	  data	  collection	  would	  also	  improve	  
approachability	  of	  this	  data,	  since	  searches	  could	  be	  specific	  and	  would	  not	  require	  inferences	  
on	  the	  part	  of	  the	  public.	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Accurate	  data	  could	  only	  help	  in	  creating	  applicable	  and	  relevant	  policies,	  whereas	  data	  
deficits	  could	  cause	  the	  enactment	  of	  unfitting	  policies.	  	  It	  is	  necessary	  specific,	  accurate,	  and	  
comparable	  records	  of	  agriculture	  yield	  and	  water	  use	  start	  to	  be	  collected	  immediately.	  	  Gaps	  
in	  data	  collection	  should	  be	  reduced	  and	  collections	  units	  must	  be	  standardized,	  with	  unit	  
conversions	  easily	  found.	  	  Furthermore,	  it	  is	  imperative	  this	  data	  is	  conveniently	  accessible	  and	  
well	  distributed.	  	  The	  collected	  information	  should	  be	  used	  to	  increase	  public	  education	  of	  
water	  use	  and	  allocation	  as	  well	  as	  in	  policy	  creation,	  which	  will	  be	  best	  accomplished	  if	  this	  
data	  is	  presented	  in	  a	  well-­‐organized	  and	  comprehensible	  manner.	  	  	  
FUTURE	  STUDIES	  
	   As	  discussed	  above,	  data	  for	  this	  study	  was	  lacking,	  by	  reason	  of	  inadequate	  recording	  
of	  information	  and	  lack	  of	  accessibility.	  	  With	  changes	  in	  policy	  to	  accommodate	  changes	  in	  
climate	  and	  natural	  resources	  an	  inevitable	  project	  in	  the	  near	  future,	  records	  of	  data	  need	  to	  
be	  accurate,	  complete,	  and	  readily	  accessible	  to	  keep	  those	  in	  charge	  well	  educated.	  	  To	  ensure	  
more	  applicable	  and	  comprehensive	  policy	  creation,	  data	  collection,	  in	  terms	  of	  time	  periods,	  
commodity	  details,	  and	  commodity	  variations,	  must	  be	  improved.	  	  Further,	  the	  presentation	  of	  
existing	  data,	  the	  approachability	  and	  ease	  of	  understanding	  by	  the	  general	  public	  should	  also	  
be	  improved.	  	  While	  public	  data	  exists,	  it	  is	  not	  easily	  accessible	  nor	  understood.	  	  	  
	   Further	  research	  is	  necessary	  to	  improve	  water	  allocation	  through	  increasing	  
productivity.	  	  This	  can	  be	  accomplished	  by	  bettering	  irrigation	  systems	  and	  crop	  water	  use	  
productivity.	  	  Exploration	  and	  experimentation	  of	  data	  collection	  methods	  and	  organization	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systems	  should	  also	  be	  investigated.	  	  Ways	  in	  which	  to	  better	  educate	  the	  public	  using	  collected	  
data	  should	  be	  created,	  so	  the	  gap	  in	  communication	  about	  water	  and	  crop	  use	  can	  be	  reduced.	  	  	  
	   While	  water	  is	  a	  necessary	  resource	  for	  human,	  it	  is	  likewise	  a	  precious	  commodity,	  
limited	  in	  extent	  by	  its	  existence	  in	  a	  finite	  world,	  and	  should	  be	  treated	  as	  such.	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“In	   wine	   there	   is	   wisdom,	   in	   beer	   there	   is	   freedom,	   in	   water	   there	   is	  
bacteria”	  
Unknown	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“Human	  nature	  is	  like	  water.	  	  It	  takes	  the	  shape	  of	  its	  container”	  
Wallace	  Stevens	  
APPENDIX	  A	  
GLOBAL	  ANIMAL	  PRODUCT	  DEMAND	  
Meat	  and	  other	  animal	  products	  are	  growing	  in	  popularity.	  	  Developing	  into	  
staple	  food	  sources	  for	  the	  average	  human	  diet	  around	  the	  globe,	  this	  pattern	  is	  greatly	  
contributing	  to	  increasing	  rates	  of	  water	  consumption,	  which	  is	  currently	  functioning	  at	  
an	  unsustainable	  level.	  	  Global	  human	  population	  in	  1961	  was	  approximately	  3.1	  billion,	  
compared	  to	  today	  with	  the	  earth	  supporting	  an	  estimated	  6.3	  billion	  people	  (Verge	  et.	  
al.	  2012).	  	  The	  majority	  of	  meat	  is	  consumed	  in	  developed	  countries,	  responsible	  for	  3-­‐4	  
times	  the	  consumption	  as	  other	  nations	  (Delgado	  et	  al.	  1998).	  	  Recent	  trends,	  however,	  
show	  a	  global	  shift	  in	  diets,	  generating	  higher	  demands	  for	  meat	  worldwide	  as	  
developing	  countries	  increase	  consumption	  rates	  to	  rival	  those	  of	  the	  developed	  world	  
(Delgado	  et	  al	  1998).	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In	  the	  early	  seventies,	  China	  and	  India,	  while	  responsible	  for	  40%	  of	  the	  world’s	  
population,	  consumed	  only	  6%	  of	  the	  global	  animal	  products	  calorically	  (Delgado	  et	  al.	  
1998).	  	  By	  the	  early	  nineties,	  this	  number	  had	  risen	  to	  15%	  (Delgado	  et	  al.	  1998).	  	  
Between	  2004	  and	  2005	  meat	  consumption	  increased	  59%	  in	  rural	  areas	  and	  49%	  in	  
urban	  areas	  of	  China	  (Fu	  et	  al	  2012).	  	  The	  rise	  in	  meat	  demand,	  due	  largely	  to	  increases	  
in	  consumption	  by	  developing	  countries,	  specifically	  China	  and	  India,	  can	  be	  attributed	  
to	  several	  factors	  such	  as	  westernization,	  urbanization,	  and	  affluence	  (Verge	  et	  al.	  2012).	  	  
These	  dietary	  shifts,	  however,	  while	  now	  popular	  for	  citizens	  of	  developing	  countries,	  
require	  new	  resources	  for	  production.	  	  	  
	   In	  both	  China	  and	  India,	  increasing	  income,	  as	  well	  as	  population,	  are	  responsible	  
for	  the	  majority	  of	  increased	  demand	  for	  meat	  (Speedy	  2003).	  	  In	  a	  paper	  by	  Fu,	  et.	  al.,	  
the	  reasons	  for	  increased	  animal	  product	  consumption	  in	  India	  and	  China	  are	  largely	  
attributed	  to	  increases	  in	  household	  income	  and	  urbanization	  of	  previously	  rural	  areas.	  	  
Observing	  a	  rapid	  increase	  in	  animal	  product	  consumption	  over	  the	  past	  2	  decades,	  Fu,	  
et.	  al.,	  found	  a	  strong	  correlation	  in	  rural	  areas	  to	  increased	  household	  income.	  	  While	  
dairy	  products	  dominate	  consumption,	  meat	  consumption	  was	  found	  to	  increase	  0.6%:	  
a	  faster	  increase	  in	  demand	  for	  animal	  products	  with	  income	  growth	  than	  any	  other	  
food.	  	  Higher	  income	  allows	  consumers	  to	  select	  more	  expensive	  foods.	  	  Rising	  levels	  of	  
income	  correlate	  with	  a	  decrease	  in	  consumption	  of	  foods	  of	  plant	  origin,	  specifically	  
with	  a	  reduction	  in	  cereal	  intake.	  	  Meat	  and	  other	  animal	  products	  of	  that	  nature	  have	  
largely	  replaced	  these.	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Urbanization	  was	  also	  found	  by	  Fu,	  et.	  al.	  to	  be	  a	  main	  driver	  of	  increased	  
demand	  for	  animal	  products.	  	  People	  living	  in	  densely	  populated	  cities	  –	  as	  many	  of	  
those	  in	  developing	  nations	  –	  have	  a	  higher	  tendency	  to	  consume	  protein	  from	  animal	  
sources	  and	  overall	  higher	  fat	  intake,	  as	  well	  as	  more	  sugar	  and	  cereals	  (Verge	  et	  al.	  
2012).	  	  Growing	  affinities	  for	  fast	  food	  restaurants,	  with	  their	  reliance	  on	  highly	  meat-­‐
based	  diets,	  due	  to	  the	  westernization	  of	  cultures	  is	  a	  main	  contributor	  to	  increased	  
demand.	  	  With	  urban	  growth,	  availability	  and	  access	  to	  these	  restaurants	  has	  
proliferated	  cultural	  popularity,	  helped	  by	  the	  convenience	  factor	  that	  accompanies	  fast	  
food	  and	  a	  large	  flux	  of	  residents	  migrating	  into	  urban	  areas.	  	  Projected	  declines	  in	  rural	  
populations	  worldwide	  are	  expected	  to	  continue,	  the	  largest	  differences	  in	  Africa	  and	  
Asia	  (Verge	  et	  al.	  2012).	  	  Animal	  product	  consumption	  popularity	  coupled	  with	  a	  large	  
flux	  into	  urban	  settings	  is	  expected	  to	  dramatically	  increase	  global	  rates	  of	  meat	  
consumption.	  	  	  
	   With	  limited	  space	  and	  resources	  to	  adequately	  produce	  animal	  products,	  rapid	  
growth	  in	  demand	  of	  animal	  products	  in	  China	  and	  India	  will	  have	  direct	  global	  
implications	  (Fu	  et	  al	  2012).	  	  While	  some	  animal	  products	  production	  does	  occur,	  and	  
growth	  of	  production	  is	  underway,	  China	  relies	  heavily	  on	  imports	  for	  their	  meat	  supply	  
(Anderson,	  et	  al	  2011).	  	  In	  the	  early	  nineties,	  China	  imported	  900,000	  tons	  of	  meat	  per	  
annum	  and,	  with	  consumption	  continuing	  to	  rise	  since	  then,	  imports	  have	  only	  
increased	  (Delgado	  et	  al.	  1998).	  	  By	  2020	  China	  is	  estimated	  to	  increase	  beef	  and	  
mutton	  imports	  by	  0.5	  million	  tons	  and	  milk	  and	  whey	  by	  2	  million	  tons	  (Fu	  et	  al	  2012).	  	  
Although	  India	  is	  expected	  to	  increase	  dairy	  production,	  imports	  of	  either	  animal	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products	  or	  animal	  feed	  will	  be	  necessary	  to	  satisfy	  national	  demand	  (Fu	  et	  al	  2012).	  	  An	  
increase	  in	  Chinese	  imports	  necessitates	  an	  increase	  in	  global	  meat	  production.	  	  	  
GLOBAL	  MEAT	  TRADE	  
The	  global	  meat	  trade	  expanded	  greatly	  with	  technological	  advances,	  creating	  
better	  methods	  of	  transportation	  and	  facilitating	  longer	  durations	  of	  transport	  with	  
refrigeration	  techniques.	  	  Transport	  improvements	  have	  enabled	  trade	  over	  longer	  
distances,	  limiting	  the	  necessity	  of	  proximity	  to	  food	  production,	  which	  historically	  set	  
constraints	  on	  national	  and	  cultural	  diets	  (“State	  of	  Food”	  2009).	  	  With	  the	  removal	  of	  
these	  natural	  constraints,	  traditional	  diets	  have	  vastly	  changed,	  sharpening	  the	  swell	  in	  
animal	  product	  demand.	  	  Between	  1961	  and	  2006,	  livestock	  products	  account	  for	  a	  
growing	  amount	  of	  global	  agricultural	  export	  trade,	  increasing	  from	  11	  to	  17	  percent	  
(“State	  of	  food”	  2009).	  	  More	  recently,	  between	  1980	  and	  2006,	  total	  meat	  exports	  
more	  than	  tripled,	  while	  dairy	  and	  egg	  exports	  doubled	  (“State	  of	  Food”	  2009).	  	  Further	  
increases	  in	  population,	  as	  well	  as	  heightened	  preferences	  for	  animal	  products,	  are	  
expected	  only	  to	  amplify	  livestock	  trade.	  	  	  
Estimates	  from	  2012	  statistical	  data	  collected	  by	  the	  Food	  and	  Agriculture	  
Organization	  (“FAO	  Ag	  Outlook”	  2011)	  of	  the	  United	  Nation	  suggest	  the	  United	  States	  
and	  Brazil	  are	  the	  two	  highest	  producers	  of	  meat	  respectively	  (“FAO	  Ag	  Outlook”	  2011).	  	  
By	  2020,	  poultry	  and	  beef	  shipments	  are	  expected	  to	  expand	  16%,	  which	  will	  largely	  
originate	  from	  increases	  in	  exportation	  of	  meat	  from	  North	  and	  South	  America	  (“FAO	  Ag	  
Outlook”	  2011).	  	  Meanwhile,	  exports	  from	  the	  EU	  are	  mainly	  forecasted	  to	  decline	  due	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largely	  to	  a	  decrease	  in	  output	  coupled	  with	  an	  increase	  in	  consumption	  from	  
population	  growth	  (“FAO	  Ag	  Outlook”	  2011).	  	  Although	  a	  slowing	  of	  the	  growth	  trade	  is	  
anticipated,	  trade	  is	  expected	  to	  continue	  increasing.	  	  A	  slowing	  in	  trade	  growth	  can	  be	  
mainly	  attributed	  to	  an	  increase	  in	  domestic	  production	  and	  consumption;	  with	  
countries	  reaching	  maximum	  production	  levels,	  increased	  domestic	  consumption	  rates	  
are	  likely	  to	  create	  a	  supply	  deficit,	  ultimately	  raising	  the	  price	  of	  imported	  meat	  (“FAO	  
Ag	  Outlook”	  2011).	  	  Developing	  countries,	  with	  a	  rising	  preference	  of	  meat,	  however,	  
will	  continue	  to	  import	  animal	  products,	  continuing	  the	  trend	  of	  increasing	  the	  global	  
meat	  trade.	  	  	  
ANIMAL	  FEED	  
While	  animal	  product	  exports	  have	  risen	  globally,	  international	  trade	  of	  crops	  –	  
of	  which	  feed	  crops	  is	  a	  large	  percentage	  –	  still	  far	  surpasses	  that	  of	  livestock	  products	  
(“State	  of	  food”	  2009).	  	  Although	  some	  livestock	  operations	  rely	  on	  naturally	  occurring	  
grasslands	  as	  a	  means	  of	  food	  for	  animals,	  most	  areas	  cannot	  support	  the	  amount	  of	  
livestock	  necessary	  to	  satisfy	  demand.	  	  Moreover,	  these	  operations	  were	  likely	  already	  
producing	  at	  full	  capacity,	  accounting	  for	  a	  percentage	  of	  domestic	  supply.	  	  With	  rapidly	  
increasing	  demands	  for	  livestock	  products,	  feed	  used	  to	  supplement	  livestock	  diets	  is	  
correspondingly	  going	  to	  increase	  as	  well,	  likely	  at	  a	  faster	  rate.	  	  International	  trade	  of	  
agricultural	  crops	  will	  supply	  the	  rise	  in	  feed	  demand,	  with	  this	  increase	  in	  demand	  for	  
exports	  causing	  a	  subsequent	  increase	  in	  production	  of	  feed	  crops.	  	  With	  the	  United	  
States	  as	  a	  main	  maize	  producer,	  it	  subsequently	  is	  also	  a	  main	  feed	  exporter,	  requiring	  
20	  cubic	  kilometers	  of	  irrigated	  water	  to	  maintain	  feed	  export	  levels	  (Burke	  et	  al.	  2009).	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Delgado,	  et	  al,	  looked	  at	  the	  level	  of	  cereal	  production	  required	  to	  meet	  the	  
growing	  demand	  for	  animal	  products	  on	  a	  global	  scale.	  	  In	  the	  early	  nineties,	  the	  ratio	  of	  
cereal	  feed	  use	  to	  total	  meat	  produced	  was	  1.92	  to	  1	  and	  4.82	  to	  1	  in	  China	  and	  the	  
United	  States	  respectively.	  	  Furthermore,	  global	  averages	  for	  feed	  efficiency	  ratio	  for	  
developing	  countries	  2.42	  to	  1	  and	  developed	  countries	  50.0	  to	  1,	  illustrates	  a	  more	  
efficient	  use	  of	  feed	  in	  developed	  nations.	  	  	  
Due	  to	  a	  high	  rate	  of	  feed	  use,	  during	  the	  eighties	  and	  nineties,	  feed	  use	  
surpassed	  feed	  growth	  in	  all	  developing	  nations.	  	  This	  supply	  deficit	  instigated	  a	  spike	  in	  
feed	  prices,	  causing	  Brazil,	  and	  other	  developing	  nations	  whose	  economy	  depends	  
heavily	  on	  meat	  exportation,	  to	  rely	  on	  extensive	  grasslands	  as	  livestock	  feed	  (“FAO	  Ag	  
Outlook”	  2011).	  	  A	  method,	  however,	  that	  is	  not	  sustainable	  without	  supplementary	  
feed,	  as	  livestock	  demands	  surpass	  available	  naturally	  occurring	  resources.	  	  2012	  
estimates	  forecasted	  a	  slowing	  in	  meat	  industry	  expansion	  due	  to	  escalating	  feed	  prices	  
(“FAO	  Ag	  Outlook”	  2011).	  	  Large	  feed	  deficits	  and	  diminishing	  world	  coarse	  grain	  stocks	  
are	  the	  result	  of	  rises	  in	  demand	  for	  feed	  due	  to	  larger	  markets	  for	  animal	  products	  
(“FAO	  Ag	  Outlook”	  2011).	  	  Decreased	  supply	  is	  attributed	  also	  to	  shortages	  in	  
production	  from	  drought	  and	  other	  weather	  changes	  (“FAO	  Ag	  Outlook”	  2011).	  	  	  
	  
With	  developing	  countries	  at	  a	  disadvantage	  in	  animal	  production	  efficiency,	  
imports	  are	  likely	  to	  increase	  to	  satisfy	  growing	  demand.	  	  This	  shifts	  responsibility	  to	  
developed	  countries	  to	  increase	  animal	  production.	  	  Moreover	  increases	  the	  burden	  of	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feed	  growth	  as	  well.	  	  In	  an	  already	  water-­‐intensive	  process,	  increased	  feed	  growth	  will	  
undeniably	  result	  in	  water	  shortages	  in	  water-­‐stressed	  areas,	  as	  irrigation	  increases	  to	  
allow	  for	  more	  growth	  of	  animal	  feed.	  	  	  
WATER	  FOOTPRINT	  OF	  ANIMAL	  PRODUCTS	  
	   The	  production	  of	  animal	  products	  requires	  an	  enormous	  amount	  of	  water,	  
generated	  by	  direct	  water	  intake	  of	  animals,	  cultivation	  of	  feed	  crops,	  and	  industrial	  
usage,	  including	  pollution	  (Verge	  et	  al.	  2012).	  	  Tracking	  the	  water	  footprint	  of	  any	  single	  
livestock	  product,	  such	  as	  beef,	  illustrates	  the	  water-­‐intensive	  cycle	  production	  requires.	  	  	  
THE	  WATER	  FOOTPRINT	  
The	  water	  footprint	  is	  an	  indicator	  of	  “water	  use	  in	  relation	  to	  consumer	  goods”,	  
which	  measures	  the	  volume	  of	  freshwater	  required	  to	  produce	  any	  product	  (Hoekstra	  
2012).	  	  For	  livestock	  products	  this	  includes	  water	  evaporation	  from	  crops	  and	  pollution,	  
along	  with	  irrigation	  water,	  and	  actual	  water	  consumed	  by	  the	  animals.	  	  	  
Mekonnen	  created	  a	  variation	  on	  the	  water	  footprint	  method,	  enumerating	  the	  
volume	  of	  water	  used	  to	  produce	  different	  animal	  products	  globally.	  The	  water	  was	  
separated	  into	  three	  components:	  green,	  blue,	  and	  gray.	  	  Green	  signified	  rainwater	  used,	  
blue	  referred	  to	  water	  consumed	  from	  surface	  and	  ground	  water,	  and	  gray	  water	  
denoted	  the	  volume	  of	  freshwater	  necessary	  to	  bare	  the	  load	  of	  pollutants	  (Mekonnen	  
et	  al.	  2012).	  	  In	  looking	  at	  the	  production	  process,	  the	  water	  footprint	  was	  divided	  into	  
indirect	  water,	  mainly	  animal	  feed,	  and	  direct	  water,	  including	  drinking	  and	  service	  
water	  for	  the	  livestock.	  	  Water	  consumed	  by	  animal	  feed	  was	  further	  divided	  into	  water	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needed	  to	  grow	  feed	  ingredients,	  specifically	  irrigation	  and	  grey	  water	  required	  to	  dilute	  
leaching	  and	  runoff	  of	  N-­‐fertilizer,	  and	  water	  used	  to	  convert	  grains	  into	  feed	  done	  
through	  mixing.	  	  	  
	   Mekonnen	  et	  al.	  found	  the	  water	  footprint	  of	  animal	  products	  to	  vary	  across	  
production	  systems	  and	  countries,	  concluding	  feed	  efficiencies	  to	  be	  a	  function	  of	  
climate	  and	  agricultural	  practice,	  as	  well	  as	  animal	  species	  (Mekonnen	  et	  al.	  2012).	  	  For	  
example,	  production	  of	  beef	  required	  eight	  and	  eleven	  times	  the	  amount	  of	  feed	  per	  
kilogram	  of	  meat	  compared	  to	  pig	  and	  chicken	  meat	  respectively	  (Mekonnen	  et	  al.	  
2012).	  	  Accounting	  for	  98%	  of	  the	  water	  footprint,	  feed	  production	  is	  by	  far	  responsible	  
for	  the	  most	  amount	  of	  water	  in	  animal	  production,	  which	  accounts	  for	  20%	  of	  the	  
7,404	  Gm3/yr	  of	  water	  global	  used	  in	  total	  crop	  production	  (Mekonnen	  et	  al.	  2012).	  	  
Mekonnen	  estimated	  “12%	  of	  the	  global	  consumption	  of	  ground	  water	  and	  surface	  
water	  for	  irrigation	  is	  for	  feed,	  not	  for	  food”,	  concluding	  “…it	  is	  more	  efficient	  to	  obtain	  
calories,	  protein	  and	  fat	  through	  crop	  products	  than	  animal	  products”	  from	  a	  freshwater	  
resource	  perspective	  (Mekonnen	  et	  al.	  2012).	  	  	  
High	  rates	  of	  water	  consumption	  will	  not	  become	  more	  efficient	  with	  growth	  in	  
productions.	  	  Conversely,	  if	  changes	  are	  observed,	  livestock	  operations	  will	  likely	  
intensify	  water	  usage;	  generating	  more	  pollutants	  from	  higher	  amounts	  of	  livestock	  will	  
require	  more	  water	  for	  dilution,	  along	  with	  increased	  feed	  demands	  will	  necessitate	  
more	  water	  for	  crop	  cultivation.	  	  	  
Feed	  Contribution	  to	  Overall	  Water	  Footprint	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The	  type	  and	  efficiency	  of	  feed	  largely	  influences	  the	  water	  demand	  for	  raising	  
livestock.	  	  In	  a	  study	  by	  Gerbens-­‐Leenes,	  et	  al.,	  the	  water	  footprint	  of	  pork,	  poultry,	  and	  
beef	  was	  compared	  across	  different	  production	  systems.	  	  Poultry	  is	  most	  efficiently	  
produced	  in	  industrial	  systems,	  using	  3.2	  times	  less	  feed	  per	  unit	  output	  than	  required	  
by	  grazing	  systems	  (Gerbens-­‐Leens	  et	  al.	  2011).	  	  Pork	  and	  beef	  were	  also	  most	  
efficiently	  produced	  in	  industrial	  systems,	  needing	  2.9	  and	  3.7	  times	  less	  feed	  per	  unit	  
output	  than	  grazing	  systems	  respectively	  (Gerbens-­‐Leens	  et	  al.	  2011).	  	  	  
Industrial	  systems	  generally	  rely	  heavily	  on	  concentrated	  feed	  pellets	  
supplementing	  more	  traditional	  animal	  diets	  of	  grasses.	  	  Feed	  conversion	  ratios,	  and	  
thus	  production	  efficiency,	  vary	  based	  on	  the	  protein	  source	  and	  content	  of	  feed	  pellets	  
and	  other	  feed	  products	  (Turner	  1999).	  	  To	  obtain	  maximum	  output,	  livestock	  
operations	  seek	  to	  keep	  high	  yielding	  standards,	  requiring	  the	  animals	  to	  grow	  larger	  
than	  normal	  and	  at	  uncharacteristically	  fast	  rates.	  	  The	  animals	  are	  thus	  often	  fed	  a	  
protein	  enriched	  diet,	  achieved	  through	  either	  highly	  concentrated	  plant	  proteins,	  or	  
recycled	  animal	  proteins,	  known	  more	  commonly	  as	  processed	  meat	  and	  bone	  meal	  
(MBM)	  (Turner	  1999).	  	  An	  environmental	  group	  based	  out	  of	  Europe	  estimates	  per	  
every	  1	  kg	  of	  beef	  produced,	  5	  kg	  of	  high-­‐protein	  feedstuffs	  is	  consumed	  (Turner	  1999).	  	  
Taking	  into	  account	  cultivation	  of	  the	  crops,	  concentrations	  of	  the	  proteins,	  and	  
processing	  of	  the	  feed	  products,	  the	  use	  of	  feedstuffs	  in	  industrial	  livestock	  operations	  
greatly	  contributes	  to	  the	  overall	  water	  footprint	  of	  animal	  products.	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US	  beef	  production	  was	  found	  to	  have	  a	  comparably	  higher	  water	  footprint,	  
attributable	  to	  the	  high	  percentage	  of	  grains	  used	  for	  feed,	  requiring	  intensive	  irrigation	  
and	  fertilization	  (Gerbens-­‐Leens	  et	  al.	  2011).	  	  With	  the	  total	  water	  footprint	  of	  pork	  four	  
times	  greater	  than	  grains,	  Gerbens-­‐Leenes	  et	  al	  concluded	  animal	  production	  to	  be	  
efficient	  only	  when	  using	  marginal	  land	  unsuitable	  for	  the	  production	  of	  crops	  for	  
human	  consumption	  (Gerbens-­‐Leens	  et	  al.	  2011).	  	  Irrigating	  crops	  intended	  for	  feed	  
purposes	  increases	  the	  water	  required	  to	  produce	  livestock	  products,	  which,	  
constructed	  on	  the	  conclusion	  by	  Gerbens-­‐Leens	  et	  al.,	  is	  an	  inefficient	  use	  of	  a	  valuable	  
resources.	  	  	  
	   Despite	  inefficiencies	  in	  water	  usage,	  cultivated	  crops	  are	  often	  used	  as	  feed	  for	  
livestock.	  	  Speedy	  et	  al	  found	  40%	  of	  cereals	  produced	  in	  the	  US	  go	  directly	  to	  livestock	  
feed	  (Speedy	  2003).	  	  Moreover,	  they	  estimated	  670	  million	  tons	  of	  cereals	  are	  fed	  to	  
livestock	  annually,	  accounting	  for	  roughly	  one	  third	  of	  total	  global	  cereal	  use.	  	  Owing	  to	  
increasing	  global	  demand	  for	  animal	  products,	  attributed	  to	  worldwide	  affluence	  and	  
population	  growth,	  the	  amount	  of	  cereal	  used	  for	  livestock	  feed	  has	  been	  increasing	  
since	  the	  late	  seventies	  and	  continues	  to	  rise;	  with	  Brazil	  and	  Thailand	  seeing	  
exceptional	  increases	  due	  to	  a	  growing	  amount	  of	  poultry	  exports	  (Speedy	  2003).	  	  High	  
percentages	  of	  cereals	  used	  as	  livestock	  feed	  translates	  to	  large	  water	  footprints.	  	  The	  
water	  footprint	  is	  further	  exaggerated	  by	  the	  use	  of	  irrigated	  crops	  as	  livestock	  feed.	  	  	  
In	  a	  separate	  study,	  livestock	  products	  required	  24.7	  to	  234	  liters	  of	  water	  per	  
kilogram	  of	  liveweight	  (the	  weight	  of	  an	  animal	  before	  slaughter)	  to	  produce,	  the	  range	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dependent	  on	  the	  system	  of	  production	  and	  animal	  species	  (Ridoutt	  et	  al.	  2012).	  	  
Moreover,	  of	  those	  production	  systems	  with	  large	  water	  footprints,	  the	  main	  
consumption	  was	  associated	  with	  the	  use	  of	  irrigation	  for	  either	  crops	  or	  feeding	  
pasture	  (Ridoutt	  et	  al.	  2012).	  	  Irrigation	  consumption	  was	  skewed	  toward	  highly	  
stressed	  watersheds,	  causing	  several	  severe	  consequences	  including	  groundwater	  
depletion,	  reduction	  in	  flow	  of	  river	  systems,	  and	  overall	  freshwater	  degradation	  
(Ridoutt	  et	  al.	  2012).	  	  With	  changes	  in	  global	  diets	  resulting	  in	  a	  larger	  demand	  for	  
animal	  products,	  “potential	  for	  water	  scarcity	  to	  limit	  food	  production	  is	  obvious”	  
(Ridoutt	  et	  al.	  2012).	  	  Moreover,	  changes	  in	  water	  availability	  could	  likely	  generate	  
animal	  product	  supply	  deficits,	  or	  worse,	  exacerbate	  water	  shortages	  for	  those	  with	  
limited	  resources.	  	  	  
Water	  Required	  for	  Pollution	  Mitigation	  
	   Raising	  livestock,	  especially	  large	  livestock	  operations,	  creates	  a	  significant	  
amount	  of	  pollution.	  	  Concentrated	  animal	  feed	  operations	  (CAFO’s)	  are	  point	  sources	  
of	  pollution,	  as	  defined	  by	  the	  Clean	  Water	  Act;	  meanwhile,	  all	  other	  livestock	  
operations	  are	  nonpoint	  sources,	  so	  remain	  relatively	  unmonitored	  (Copeland	  2012).	  	  As	  
a	  point	  source,	  CAFOs	  are	  required	  by	  federal	  law	  to	  obtain	  permits	  for	  all	  discharges	  in	  
US	  waters.	  	  Under	  this	  law,	  all	  process	  wastewater	  and	  runoff	  must	  be	  confined	  from	  a	  
25-­‐year,	  24-­‐hour	  storm;	  however	  regulations	  do	  not	  dictate	  how	  stored	  water	  should	  be	  
dealt	  with	  after	  this	  period	  (Parry	  1997).	  	  The	  USDA	  holds	  no	  authority	  over	  all	  other	  
livestock	  operations	  with	  regards	  to	  pollution	  control	  and	  mitigation.	  	  This	  responsibility	  
is	  passed	  onto	  states,	  which,	  provided	  with	  some	  grant	  money	  by	  the	  federal	  
A-­‐92	  
government,	  are	  expected	  to	  create	  individual	  regulatory	  programs	  (Parry	  1997).	  	  
Nonpoint	  agricultural	  sources	  are	  a	  large	  contributor	  to	  water	  pollution,	  including	  both	  
unregulated,	  smaller	  scale,	  livestock	  operations	  and	  feed-­‐crop	  cultivation	  plantations.	  	  	  
	   Water	  pollution	  with	  regards	  to	  the	  production	  of	  animal	  products	  is	  mainly	  
generated	  by	  synthetic	  fertilizer	  application	  transported	  through	  runoff	  to	  open	  waters,	  
as	  well	  as	  contamination	  from	  wastewater	  used	  amongst	  the	  livestock.	  	  Excessive	  
application	  of	  fertilizers,	  enriched	  in	  Nitrogen	  (N)	  and	  Phosphate	  (P),	  cause	  leaching	  of	  
these	  chemicals	  into	  the	  soil	  or	  transport	  to	  freshwater	  sources	  (Parry	  1997).	  	  When	  
examining	  the	  virtual	  water	  transfer	  associated	  with	  the	  global	  meat	  trade,	  Burke	  et	  al.	  
determined	  N	  as	  a	  leading	  cause	  of	  eutrophication	  of	  surface	  water	  and	  contamination	  
of	  groundwater	  (Burke	  et	  al.	  2009).	  	  Increasing	  N	  use	  efficiency	  on	  a	  global	  spectrum	  by	  
30	  to	  40	  percent	  with	  regards	  to	  feed-­‐crop	  growth,	  would	  reduce	  synthetically	  used	  N	  
by	  10	  to	  12	  percent	  and	  drastically	  lessen	  associated	  water	  pollution	  by	  limiting	  runoff	  
(Burke	  et	  al.	  2009).	  	  Surface	  and	  ground	  contamination	  of	  P,	  generally	  the	  limiting	  
nutrient	  in	  freshwater	  bodies,	  can	  destabilize	  marine	  environments	  by	  disturbing	  the	  
natural	  chemical	  balance,	  heavily	  affecting	  pH	  levels	  (Parry	  1997).	  	  Over-­‐irrigation	  of	  
land	  regularly	  causes	  salt	  buildup,	  as	  much	  as	  50	  tablespoons	  per	  hector,	  which	  also	  
contributes	  to	  water	  pollution	  through	  runoff	  (Fereres	  et	  al.	  2011).	  	  Heavily	  irrigated	  
croplands,	  while	  requiring	  a	  large	  water	  footprint	  initially,	  further	  water	  usage	  by	  
exacerbating	  pollution	  through	  increased	  runoff	  and	  leaching	  of	  applied	  fertilizer	  
chemicals.	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   Livestock	  operations	  largely	  contribute	  to	  pollution	  as	  well,	  however	  exact	  
figures	  are	  difficult	  to	  determine,	  as	  most	  nonpoint	  sources	  remain	  unmonitored	  due	  to	  
limited	  regulation	  requirements.	  	  Wastewater	  from	  daily	  water	  use	  for	  livestock	  and	  
manure	  contamination	  are	  the	  main	  sources	  of	  pollution	  (Turner	  1999).	  	  A	  byproduct	  of	  
the	  heavily	  concentrated	  food,	  many	  nutrients	  stored	  within	  feed	  are	  excreted	  in	  feces	  
and	  urine,	  rather	  than	  absorbed	  by	  the	  animal	  during	  digestion.	  These	  products	  are	  
generally	  disposed	  of	  through	  dilution,	  along	  with	  most	  other	  organic	  waste	  products,	  
which	  subsequently	  increases	  water	  pollution.	  	  As	  reported	  by	  the	  Journal	  of	  Dairy	  
Science,	  the	  average	  dairy	  cow	  excretes	  138	  kg	  of	  N	  per	  year	  and	  14	  kg	  of	  P	  in	  a	  year	  
(Tamminga	  1992).	  	  Water	  pollution	  through	  slurries	  is	  also	  common,	  transporting	  an	  
array	  of	  pathogens	  to	  unsuspecting	  organisms	  and	  impacting	  human	  health	  if	  consumed	  
(Mawdsley	  et	  al.	  1995).	  	  Grey	  water	  accumulation	  for	  livestock	  operations	  is	  
tremendous	  when	  taking	  into	  account	  feed-­‐crop	  production	  and	  wastewater	  
amassment.	  	  When	  included	  in	  the	  water	  footprint	  of	  animal	  products,	  pollution,	  due	  to	  
mitigation	  by	  dilution	  and	  runoff,	  greatly	  enlarge	  the	  environmental	  impact	  and	  water	  
resource	  consumption.	  	  	  	  
Effect	  on	  Humans	  
Beckett	  et	  al	  studied	  beef	  production	  specifically	  in	  the	  U.S.,	  estimating	  the	  
water	  required.	  	  In	  the	  study	  he	  specifically	  analyzed	  all	  developed	  water	  removed	  from	  
human	  use	  due	  diversion	  resulting	  from	  livestock	  operations.	  	  Taking	  into	  account	  
numerous	  factors	  including	  feedstuff,	  processing,	  feedlot	  use,	  breeding	  stock,	  etc,	  they	  
found	  3,682	  liters	  of	  water	  required	  on	  average	  to	  produce	  one	  kilogram	  of	  boneless	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beef	  (Beckett	  et	  al.	  1993).	  	  Feedstuffs,	  including	  alfalfa,	  wheat,	  grain	  sorghum,	  barley,	  
corn,	  and	  corn	  silage,	  was	  found	  to	  be	  produced	  mainly	  on	  irrigated	  land	  in	  the	  western	  
states	  (Beckett	  et	  al.	  1993).	  	  Out	  of	  the	  total	  irrigation	  applied	  to	  crops,	  10	  to	  20%	  
became	  runoff,	  ultimately	  returning	  to	  the	  water	  system,	  but	  as	  polluted	  water,	  
contaminated	  with	  fertilizers	  and	  pesticides	  (Beckett	  et	  al.	  1993).	  	  Beckett	  et	  al.	  
ultimately	  concluded	  within	  the	  United	  States	  irrigation	  is	  a	  large	  contributor	  to	  the	  
water-­‐intensive	  livestock	  production	  system,	  especially	  when	  taking	  irrigated	  
pastureland	  into	  account.	  	  	  
	  
High	  reliance	  on	  irrigated	  crops	  for	  feed,	  heavily	  enriched	  protein	  diets,	  and	  poor	  
pollution	  mitigation	  techniques	  combine	  to	  create	  a	  large	  water	  footprint.	  	  Thus,	  animal	  
production	  system	  are	  inherently	  and	  unavoidably	  water	  intensive.	  	  Water	  being	  a	  finite	  
resource,	  the	  production	  of	  feed	  to	  satisfy	  global	  demand	  for	  meat	  and	  other	  animal	  
products	  is	  currently	  unsustainable.	  	  Under	  conditions	  of	  water	  shortages,	  exploitation	  
of	  water	  as	  a	  resource	  could	  lead	  to	  supply	  deficits	  for	  human	  consumption	  or	  global	  
scarcities	  in	  animal	  product	  supplies.	  	  
AGRICULTURE	  
The	  water	  footprint	  of	  animal	  products	  is	  tremendous	  largely,	  the	  majority	  of	  
water	  used	  in	  the	  growth	  of	  feed	  for	  livestock.	  	  Previous	  studies	  estimate	  of	  the	  animal	  
footprint	  of	  water,	  98	  percent	  is	  consumed	  by	  feed	  production	  (Mekonnen	  et	  al.	  2012).	  	  
Analyzing	  water	  efficiency	  in	  agriculture	  with	  direct	  respect	  to	  irrigated	  land	  can	  lead	  to	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subsequent	  improvements,	  which,	  in	  reducing	  the	  water	  required	  to	  grow	  feed-­‐crops	  
can	  help	  improve	  the	  water	  footprint	  of	  animal	  products.	  	  Furthermore,	  the	  monitoring	  
of	  agricultural	  water	  use	  can	  help	  predict	  changes	  due	  to	  water	  shortages	  especially	  
mitigation	  of	  yield	  fluctuations.	  	  
IRRIGATION	  EFFICIENCY	  
Within	  agriculture,	  irrigation	  specifically	  is	  a	  leading	  source	  of	  water	  usage,	  often	  
used	  to	  excess,	  along	  with	  fertilizers,	  to	  reduce	  limiting	  resources.	  	  In	  agriculture,	  the	  
overwatering	  of	  cropfields	  is	  a	  common	  practice,	  to	  ensure	  the	  maximum	  possible	  yield	  
(Grassini	  et	  al.	  2011).	  	  While	  common	  irrigation	  techniques,	  such	  as	  ditch	  irrigation,	  
allow	  for	  significant	  amounts	  of	  runoff,	  alternative	  forms	  of	  irrigation	  have	  been	  shown	  
to	  increase	  water	  efficiency	  by	  minimizing	  excess	  water	  usage.	  	  Grassini	  et.	  al.	  looked	  at	  
the	  water	  efficiency	  of	  maize	  grown	  in	  a	  sector	  of	  the	  Western	  U.S.	  Corn	  Belt,	  
calculating	  water	  productivity	  (the	  ratio	  of	  grain	  yield	  to	  total	  crop	  transpiration)	  with	  
records	  of	  irrigation	  management	  (Grassini	  et	  al.	  2011).	  	  Using	  a	  benchmark	  developed	  
in	  a	  previous	  study	  of	  simulated	  yield	  and	  the	  related	  seasonal	  water	  supply,	  studied	  
farms	  in	  Nebraska	  had	  a	  water	  productivity	  of	  73%	  of	  potential	  efficiency	  (Grassin	  et	  al.	  
2011).	  	  Furthermore,	  by	  switching	  from	  surface	  irrigation	  to	  pivot	  irrigation,	  
approximately	  47	  million	  cubic	  meters	  per	  year	  of	  water	  would	  be	  reduced;	  more	  
precise	  timing	  catering	  to	  the	  specific	  crops	  growing	  cycles,	  would	  reduce	  water	  usage	  
by	  25	  million	  cubic	  meters	  per	  year.	  	  Overall,	  Grassini	  et	  al	  found	  on	  average	  55%	  of	  
fields	  using	  excess	  water.	  	  	  This	  creates	  a	  32%	  potential	  reduction	  in	  annual	  water	  
volume	  by	  converting	  irrigation	  systems	  from	  surface	  to	  pivot	  systems	  and,	  furthermore,	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improving	  irrigation	  timing	  (Grassini	  et	  al.	  2011).	  	  Since	  irrigation	  is	  widely	  practice,	  
improvements	  on	  irrigation	  techniques	  increasing	  efficiency	  would	  result	  in	  large-­‐scale	  
reductions	  in	  overall	  freshwater	  withdrawals.	  	  	  
Water	  efficiency	  can	  be	  further	  improved	  by	  removing	  irrigation,	  converting	  to	  
dryland	  alternatives.	  	  The	  water	  use	  efficiency	  of	  corn,	  foxtail	  millet,	  and	  triticale	  (a	  
cross	  between	  wheat	  and	  rye)	  were	  determined	  by	  Nielsen,	  et	  al.	  in	  a	  study	  that	  
evaluated	  the	  increase	  in	  water	  use	  efficiency	  on	  dry-­‐	  and	  no-­‐till	  cropping	  systems	  
through	  the	  use	  of	  forages.	  (Nielsen	  et	  al.	  2006).	  	  Water	  efficiency	  of	  each	  crop	  was	  
determined	  by	  comparing	  water	  used	  to	  dry	  matter	  produced	  (Nielsen	  et	  al.	  2006).	  	  
Over	  seven	  years	  required	  water	  on	  average	  was	  256mm,	  186mm,	  and	  205mm	  for	  corn,	  
millet,	  and	  triticale	  respectively	  (Nielsen	  et	  al.	  2006).	  	  Corn	  was	  found	  to	  produce	  the	  
least	  dry	  matter	  on	  average	  for	  a	  given	  water	  use.	  	  This	  related	  to	  an	  average	  water	  use	  
efficiency	  of	  10.5,	  14.3,	  and	  16.5	  kilograms	  per	  hector	  per	  millimeter	  for	  corn,	  millet,	  
and	  winter	  triticale	  respectively	  (Nielsen	  et	  al.	  2006).	  	  Water	  use	  efficiency	  for	  all	  crops,	  
however,	  was	  found	  to	  vary	  greatly	  throughout	  the	  years,	  heavily	  dependent	  on	  
precipitation	  and	  seasonal	  growth	  period	  (Nielsen	  et	  al.	  2006).	  	  	  
Dependence	  on	  precipitation	  is	  exemplified	  for	  dryland	  cropping	  systems	  seeing	  
as	  it	  is	  the	  main	  source	  of	  water	  for	  crops,	  compared	  to	  irrigated	  land.	  	  Increased	  use	  of	  
dryland	  systems	  would	  contribute	  greatly	  to	  reductions	  in	  water	  consumption.	  	  
Unpredictable	  weather	  patterns,	  produced	  by	  changes	  in	  climate,	  however,	  could	  lead	  
to	  sustained	  periods	  of	  drought,	  extremely	  damaging	  to	  precipitation	  dependent	  crops.	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A	  synthesis	  of	  dryland	  systems	  and	  improved	  efficiency	  in	  water	  productivity	  through	  
irrigation	  requirement	  reductions	  could	  decrease	  water	  consumption	  and	  depletion,	  
while	  simultaneously	  protecting	  against	  water	  shortages	  as	  well.	  	  	  
Possible	  options	  for	  improving	  agricultural	  water	  productivity	  is	  suggested,	  by	  
Oweis,	  as	  responses	  to	  water	  scarcity.	  	  Furthermore,	  increases	  in	  agricultural	  efficiency	  
are	  means	  to	  prepare	  for	  projected	  population	  growth,	  which	  consequently	  results	  in	  
growth	  in	  global	  food	  demand	  (Oweis	  2012).	  	  He	  proposes	  two	  options	  for	  water	  
productivity	  enhancement:	  increasing	  irrigation	  efficiency	  and	  improving	  water	  use	  
efficiency	  though	  water	  productivity.	  	  Ultimately,	  Oweis	  suggests	  increase	  water	  
productivity	  of	  crops	  through	  biotechnology	  (Oweis	  2012).	  	  Furthermore,	  he	  calls	  for	  the	  
emphasis	  on	  water	  productivity	  rather	  than	  land	  productivity,	  as	  water	  is	  quickly	  
replacing	  land	  as	  the	  most	  limiting	  resource	  in	  agriculture	  (Oweis	  2012).	  	  The	  influence	  
of	  site,	  in	  other	  words	  environment,	  and	  scale	  on	  water	  productivity	  as	  well	  as	  
management	  techniques	  and	  local	  conditions	  far	  overshadow	  possible	  changes	  in	  crop	  
water	  productivity	  with	  regards	  to	  decreasing	  total	  water	  consumption	  (Oweis	  2012).	  	  
With	  environment	  playing	  such	  a	  large	  role	  in	  water	  productivity	  of	  crops,	  it	  seems	  only	  
natural	  to	  move	  croplands	  to	  areas	  more	  conducive	  to	  natural	  growth;	  however	  
availability	  of	  croplands	  and	  their	  proximity	  to	  the	  terminus	  must	  be	  taken	  into	  account	  
in	  terms	  of	  other	  resources.	  	  	  
Energy	  Efficiency	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Although	  water	  is	  largely	  a	  limiting	  resource,	  energy	  conservation	  is	  also	  a	  
necessary	  aspect	  to	  account	  for,	  when	  analyzing	  feed	  production.	  	  Water	  consumption	  
can	  be	  vastly	  altered	  depending	  on	  cultivation	  sites,	  however	  transportation	  of	  feed	  
crops	  could	  potentially	  consume	  enough	  energy	  to	  eclipse	  water	  reductions.	  	  	  
Heller	  and	  Keoleian	  address	  the	  dilemma	  of	  unavoidable	  water	  and	  energy	  
trade-­‐off	  when	  growing	  feed	  crops.	  	  In	  terms	  of	  energy	  efficiency,	  it	  seems	  most	  useful	  
to	  grow	  feed	  crops	  in	  close	  physical	  proximity	  to	  livestock,	  ultimately	  reducing	  transport.	  	  
The	  water	  supply	  in	  these	  areas,	  however,	  is	  often	  limited,	  which,	  when	  irrigating	  
croplands,	  results	  in	  a	  higher	  water	  requirement	  and	  larger	  water	  stress	  in	  the	  
surrounding	  areas	  (Heller	  2011).	  	  Moreover,	  in	  these	  arid	  climates,	  evaporation	  
increases	  furthering	  water	  demands	  due	  to	  higher	  evapotranspiraton	  rates	  (Andales	  et.	  
al	  2011).	  	  Based	  on	  a	  USDA	  Farm	  and	  Ranch	  Irrigation	  Survey	  report,	  Heller	  and	  Keoleian	  
found	  Colorado’s	  most	  heavily	  irrigated	  crop	  to	  be	  soybeans	  followed	  by	  alfalfa	  hay,	  
using	  689.6	  and	  566.1	  liters	  per	  kilogram	  respectively	  (Heller	  et	  al	  2011).	  	  This	  crop,	  
usually	  irrigated	  by	  gravity-­‐driven	  irrigation,	  requires	  less	  water	  when	  grown	  in	  
mountainous	  areas	  of	  Colorado	  versus	  arid	  plains.	  	  Energy	  required	  in	  transportation	  
was	  negligible,	  but	  despite	  water	  requirements,	  the	  water	  stressed	  placed	  on	  the	  water	  
shed	  from	  cultivation	  varied	  largely	  with	  watershed	  source	  and	  abundance	  of	  water	  
(Heller	  et	  al	  2011).	  	  	  
With	  increasing	  demand	  for	  more	  agricultural	  yield,	  the	  improvement	  in	  water	  
efficiency	  of	  crops	  is	  necessary.	  	  Since	  only	  about	  10	  to	  30%	  of	  applied	  and	  available	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water	  from	  rain-­‐fed	  and/or	  irrigation	  systems	  is	  used	  globally	  in	  the	  transpiration	  
process	  of	  agriculture	  crops,	  there	  is	  potential	  for	  significant	  improvement	  (Wallace	  
2000).	  	  Relying	  on	  technological	  and	  scientific	  advancements	  the	  possibility	  of	  achieving	  
improved	  water	  use	  efficiency	  is	  reasonable	  (Wallace	  2000).	  	  In	  the	  meantime,	  
investigating	  the	  reaction	  of	  crops	  and	  agricultural	  production	  to	  water	  stress	  allows	  for	  
the	  prediction	  of	  what	  to	  expect	  in	  the	  future	  as	  water	  resources	  are	  further	  depleted.	  	  	  
AGRICULTURAL	  AND	  WATER	  STRESS	  
Water	  scarcity	  depends	  entirely	  on	  the	  amount	  of	  available	  water,	  which	  is	  
largely	  conditional	  based	  on	  location.	  	  One	  watershed	  can	  support	  frivolous	  irrigation,	  
while	  a	  neighboring	  watershed	  can	  barely	  sustain	  minimally	  water-­‐intensive	  industrial	  
practices	  (Heller	  et	  al.	  2011).	  	  With	  changing	  climactic	  conditions	  and	  increased	  
municipal	  and	  industrial	  water	  demand	  driven	  by	  population	  growth	  and	  expansion,	  
water	  shortages	  in	  currently	  exploited	  watersheds	  could	  become	  a	  pattern.	  	  In	  such	  a	  
case,	  it	  is	  necessary	  to	  examine	  crop	  cultivation	  trends	  under	  water	  stress	  induced	  
conditions.	  	  From	  this	  one	  can	  infer	  how	  crop	  yields	  will	  react	  if	  true	  water	  scarcities	  are	  
fulfilled.	  	  
Focusing	  specifically	  on	  the	  growth	  of	  millet	  and	  sorghum,	  Emendack	  et	  al.	  
studied	  the	  effects	  of	  water	  stress	  on	  resulting	  yields.	  	  The	  extent	  of	  the	  effects	  of	  water	  
stress	  on	  yields	  was	  found	  to	  be	  largely	  dependent	  upon	  the	  timing	  in	  the	  growth	  of	  the	  
crop.	  	  On	  average,	  millet	  yields	  decreased	  77%	  and	  sorghum	  37%	  under	  water	  stress	  
conditions	  (Emendack	  et	  al.	  2011).	  	  Assuming	  temperatures	  increase	  as	  well,	  Emendack	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et	  al.	  warned	  of	  an	  increased	  evapotranspiration	  rates	  too.	  	  Currently	  an	  estimated	  half	  
of	  the	  total	  water	  diverted	  for	  irrigation	  is	  consumed	  by	  evapotranspiration	  (Haddeland	  
et	  al.	  2006).	  	  Increased	  temperatures	  will	  only	  enlarge	  the	  gap	  between	  available	  water	  
and	  amount	  required	  for	  evapotranspiration,	  alone.	  	  Either	  subsequent	  water	  demand	  
increases	  will	  be	  sustained,	  or	  crops	  will	  endure	  elevated	  levels	  of	  water	  stress	  
(Emendack	  et	  al	  2011).	  	  By	  looking	  at	  past	  drought	  conditions	  and	  the	  consequential	  
crop	  yield,	  inferences	  of	  results	  under	  water-­‐stressed	  conditions	  can	  be	  drawn.	  	  	  
SUMMARY	  
With	  evidence	  of	  inefficient	  water	  use	  in	  agriculture,	  especially	  irrigated	  lands,	  
the	  potential	  possibilities	  of	  decreasing	  water	  demand	  are	  large.	  	  Although	  there	  is	  
clearly	  inefficiencies	  in	  irrigation	  techniques,	  the	  overall	  high	  demand	  for	  water	  to	  
irrigate	  crop	  lands	  is	  unavoidable.	  	  Much	  of	  the	  agriculture	  yield	  is	  grown	  as	  feed	  for	  
livestock,	  which	  ultimately	  produces	  animal	  products	  for	  human	  consumption.	  	  A	  
growing	  population	  constantly	  increasing	  the	  demand	  for	  food;	  coupled	  with	  a	  
decreasing	  amount	  of	  available	  water	  as	  municipal	  and	  industrial	  demand	  for	  
freshwater	  increases	  exponentially,	  the	  necessity	  of	  efficiently	  using	  agricultural	  yield	  is	  
becoming	  pressing.	  	  With	  respect	  to	  water	  resources,	  it	  is	  far	  more	  efficient	  to	  produce	  
large	  amount	  of	  grains	  for	  human	  consumption,	  rather	  than	  livestock.	  	  This	  study	  uses	  
Colorado	  agriculture	  records,	  specifically	  the	  amount	  of	  irrigated	  waters	  used	  to	  
produce	  food	  for	  humans	  versus	  feed	  for	  animals,	  as	  an	  indicator	  of	  how	  efficiently	  
irrigated	  water	  is	  used	  to	  ultimately	  achieve	  the	  main	  goal	  of	  producing	  food	  for	  humans.	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  “All	  the	  water	  that	  will	  ever	  be	  is	  right	  now”	  	  	   	   	   	   	   National	  Geographic,	  Oct.	  1993	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TABLE	  1.	  Total	  and	  Irrigated	  Cropland	  Collected	  Data	  
	  
Data	  collected	  from	  the	  2007	  USDA	  Census	  of	  Agriculture,	  Chapter	  2	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TABLE	  2.	  Total	  and	  Irrigated	  Cropland	  Calculations	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TABLE	  3-­‐A.	  Feed	  Grain	  Data	  
	  
Data	  collected	  from	  the	  2007	  USDA	  Census	  of	  Agriculture,	  Chapter	  2	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TABLE	  3-­‐B.	  Feed	  Grain	  Data	  
	  
Data	  collected	  from	  the	  2007	  USDA	  Census	  of	  Agriculture,	  Chapter	  2	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TABLE	  4-­‐A.	  Feed	  Grains	  Corrections	  
	  
Data	  collected	  from	  the	  USDA	  Survey,	  NASS	  Quickstats	  database.	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TABLE	  4-­‐B.	  Feed	  Grains	  Corrections	  	  
	  	  
Data	  collected	  from	  the	  USDA	  Survey,	  NASS	  Quickstats	  database	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TABLE	  5.	  Total	  Feed	  Cropland	  Data	  
	  
Data	  collected	  from	  the	  2007	  USDA	  Census	  of	  Agriculture,	  Chapter	  2	  and	  the	  USDA	  Survey,	  NASS	  Quickstats	  database.	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TABLE	  6.	  Irrigated	  Feed	  Crop	  Data	  
	  
Data	  collected	  from	  the	  2007	  USDA	  Census	  of	  Agriculture,	  Chapter	  2	  and	  the	  USDA	  Survey,	  NASS	  Quickstats	  database.	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TABLE	  7.	  Food	  and	  Feed	  Calculations	  
	  
	   	  
B-­‐111	  
TABLE	  8.	  Comparisons	  of	  2002	  and	  2007	  Calculations	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TABLE	  9.	  Irrigation	  Systems	  Data	  and	  Calculations	  
	  
Data	  collected	  from	  the	  USGS	  National	  Water	  Survey	  
	  
TABLE	  10.	  WATER	  USE	  IN	  COLORADO	  SUMMARY	  
	  
Data	  collected	  from	  the	  USGS	  National	  Water	  Survey	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